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ABSTRACT 
This project was part of an Environmental Design Contest. The task was to design a full-
scale, low maintenance, low footprint, energy efficient, and reliable pretreatment system for 
reverse osmosis membranes used for seawater desalination on ships. Alternative technologies 
were tested at the bench-scale. Turbidity and organic carbon, as measures of fouling potential, 
were the main parameters for evaluating pretreatment effectiveness. A dual media filter followed 
by a cartridge filter provided the best treatment and the lowest cost. 
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CAPSTONE DESIGN STATEMENT 
This Major Qualifying Project addressed the issue of a pretreatment system for a reverse 
osmosis process that provides drinking water for vessels at sea. The current system in use 
consists of two cartridge filters in series, requiring much maintenance/replacement. The 
improved pretreatment design was to produce better quality feed water for the RO membrane, 
while also possessing lower maintenance requirements, a smaller footprint, lower energy 
requirements, and being more cost efficient.  
In order to determine the best pretreatment process to be used, bench-scale experiments 
were performed to test the effectiveness of various technologies that were considered. Cartridge, 
membrane, and media filtration were all tested in various configurations. Using primarily results 
for turbidity and total organic carbon, the technologies were evaluated to determine which 
options were most suitable for the given feed water and effluent quality goals. Additional 
laboratory testing addressed particle counts, ion concentrations, and solids measurements. 
The pretreatment system selected by the group consisted of dual-media filtration and 
cartridge filtration. From the prototype system, the group scaled up the design to a production 
capacity of 0.03 MGD. In order to scale up the treatment system, standard water treatment design 
equations and loading rates were used. Multiple treatment trains were provided in the full-scale 
design to accommodate for units to be taken off-line for maintenance and repairs. Finally, a cost 
analysis of the full-size system was performed, including capital and operation and maintenance 
costs. 
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EXECUTIVE SUMMARY 
US Navy ships currently employ reverse osmosis (RO) as the method of desalinating 
water for use as potable water on sea vessels. RO desalination is very effective; however, it is 
subject to scaling and fouling, which reduces the lifespan of the membrane and increases cost. 
The current pretreatment system for the RO is cartridge filtration. While the cartridges meet the 
pretreatment goals in terms of water quality, they require significant storage space and off-line 
time for maintenance.  
The purpose of this Major Qualifying project was to develop a pretreatment alternative 
that successfully meets pretreatment goals for water quality, and requires significantly less off-
line time. The design also requires minimal energy input and less floor space than the current 
system. The proposed system consists of a dual media filter, filled with 3.1 feet of sand and 0.6 
feet of granular activated carbon (GAC). The media filter is followed by a 20 µm cartridge filter. 
Duplicate treatment trains are provided so that the system can produce treated water 
continuously during maintenance. Backwashing of the media filter is automated, and the water is 
diverted to the second filter, ensuring continuous treatment. The cartridges only require 
replacement once per 45 days, thus significantly reducing the needed storage area and off-line 
time. Dual media filtration reduces the turbidity, while cartridge filtration and GAC decrease the 
concentration of organic carbon. This combination satisfies the treatment system objectives.  
The RO pretreatment system is designed to produce 30,000 gallons per day of water. The 
capital cost of the system is $18,280 with a 19-month payback period. Annual operating and 
maintenance costs are $3,670, a significant savings from the current operation and maintenance 
costs of $22,500. The designed pretreatment system offers simplistic operation, waste reduction, 
and can operate for 45 days without manual maintenance. The technology has the potential to be 
expanded into the leisure, commercial, and personal marine markets as well as inland 
applications. 
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1. INTRODUCTION 
Reverse osmosis (RO) is a pressure driven membrane process used to produce drinking 
water from brackish or sea water. One of the applications of the RO process is desalination on 
ocean vessels, where fresh water is unavailable. While RO membranes are effective in removing 
dissolved salts from water, the membranes are susceptible to scaling and fouling.  
Scaling occurs from the separation of salts from the water. After the product water passes 
through the membrane, the brine with a high salt concentration remains in the feed channel. In 
the brine, the solubility limit of most salts is exceeded, causing a precipitate to form on the 
surface of the membrane. The precipitate reduces permeability and damages the membrane 
irreversibly.  
Performance of RO membranes is also reduced by fouling, which is the uneven 
accumulation of suspended or dissolved particles on the membrane surface or in the feed 
channel. The membrane surface becomes fouled when dissolved organic matter, dissolved solids, 
biogenic material and suspended particulate matter cling to it as they are separated from the 
water. Fouling leads to significant problems such as loss of flux, salt passage through the 
membrane, pressure drop across membrane modules, contamination of permeate, degradation of 
the membrane material, and reduction in membrane life. Microbial film is one of the most 
serious obstacles for desalination, as the membrane surfaces are in contact with numerous 
microorganisms and extracellular soluble material in the seawater. Microorganisms attach 
themselves to the membrane and grow rapidly, due to the high concentration of nutrients in the 
brine. In other water treatment applications, such growth can be easily eliminated by 
chlorination; however, chlorine damages the RO membranes, and thus cannot be used in this 
application. By removing the problematic constituents, the lifespan of the membrane is increased 
significantly, thus decreasing the cost of RO treatment.   
The US Navy uses pretreatment followed by RO for producing fresh water on sea 
vessels. The current pretreatment system is two cartridge filters in series with pore sizes of 20 
µm and 3 µm. Such pretreatment is sufficient at sea, but in the coastal waters, the filters foul 
quickly. On average, the cartridges need to be replaced every four days, leading to four hours of 
off-line time for each replacement. In addition, the cartridges are not reusable, and require a 
significant storage area until they can be disposed of at shore.  
This Major Qualifying Proposal Project has evaluated alternative methods for 
pretreatment. The goal was to design an effective, energy efficient and simple pretreatment 
system for treatment of 30,000 gallons of ocean water per day. The treated water would then be 
processed through RO to produce potable water. Additionally, no hazardous chemicals were to 
be used. Alternative pretreatment systems were identified and evaluated according to treatment 
effectiveness, cost, energy requirements, and waste generation.  
 The proposed pretreatment system removes scaling and fouling contaminants from the 
ocean water using dual media filtration and cartridge filtration. This system effectively reduces 
turbidity and organic carbon, and meets the needs of the US Navy.   
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2. BACKGROUND 
The demand for drinking water has increased along with the population growth in the 
U.S. and globally. In arid regions where fresh water sources are limited, ocean water is available 
as an alternative source. Ocean vessels also must use ocean water to produce potable water. In 
both cases, the water is desalinated using reverse osmosis (RO). Because the majority of water 
on earth is ocean water, the need to make this water drinkable is becoming even more important. 
Reverse osmosis is a common process that has been widely accepted as a means of desalination 
of water. This process, however, has disadvantages that must be improved in order to make the 
reverse osmosis process more efficient.  
One of the major problems associated with the process of reverse osmosis for 
desalination is fouling and scaling of the membranes, which reduces their efficiency and 
increases treatment costs. Therefore, pretreatment systems must be used in order to prevent such 
fouling. There are various forms of pretreatment such as ultrafiltration and microfiltration that 
have been used in an effort to decrease membrane fouling. This chapter outlines in detail the 
process of reverse osmosis and presents a variety of pretreatment techniques. Current 
applications of these pretreatment methods are also discussed and a comparison of these methods 
follows. Particular attention is given to pretreatment needs on ocean going vessels that treat 
coastal seawater with a high solids content.  
2.1 OCEAN WATER COMPOSITION 
Only 0.8% of the world’s water is fresh water (Greenlee et al., 2009). Although ocean 
and sea water account for nearly 96.5% of the world’s water, this water is comprised of a variety 
of solutes that make it unsuitable for drinking (Greenlee et al., 2009).  These dissolved ions, or 
salts, are harmful to the functioning of the human body. According to the World Health 
Organization, as quoted by Greenlee at al. (2009), drinking water is categorized as having a 
concentration of less than 250 mg/L of salt. 
Table 1 displays the common salts as well as the concentrations of these salts found in 
seawater. Total dissolved solids concentration varies from one water body to another. For 
example, the Pacific Ocean has an average total salt concentration of 34,000 mg/L, while the 
Atlantic Ocean has an average of 39,500 mg/L (Greenlee et al., 2009). 
 
 
 
 
 
 
3 
 
TABLE 1: TYPICAL SEAWATER COMPOSITION 
(CRITTENDEN, 2005) 
Ion Type Ion Concentration (mg/L) 
 
 
Cation 
Sodium 10,800 
Magnesium 1,290 
Calcium 412 
Potassium 399 
Strontium 7.9 
Barium 0.02 
 
 
Anion 
Chloride 19,400 
Sulfate 2,700 
Total Carbonate 142 
Bromide 67 
Fluoride 1.3 
Phosphate 0.5 
Total  35,200 
 
2.2 REVERSE OSMOSIS OVERVIEW 
Reverse osmosis is a widely accepted technology used to desalinate ocean water to 
produce drinking water (Greenlee et al. 2009). Osmosis describes a material transport process 
that is driven by a concentration gradient, as seen in Figure 1. Since the water moves across the 
membrane from a less to a more concentrated area, this process does not require external energy. 
It is possible, however, to reverse the direction of the flow by applying pressure to the system. 
This process is termed “reverse osmosis”.  
 
FIGURE 1: REGULAR AND REVERSE OSMOSIS 
(SOURCE: FRITZMANN ET AL, 2007) 
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Reverse osmosis (RO) is used to separate or remove dissolved solutes from water by 
forcing the solution through a semi-permeable membrane, as shown in Figure 1 and Figure 2. 
The system requires high pressure levels, from 73 to 1200 psi, depending on the water source 
(Crittenden, 2005).  
 
FIGURE 2: SCHEMATIC OF SEPARATION PROCESS THROUGH REVERSE OSMOSIS MEMBRANE 
(SOURCE: CRITTENDEN, 2005) 
Reverse osmosis membranes are usually dense, without pores or void spaces, resembling 
a layered cobweb. Solutes that are rejected in the waste stream include dissolved natural organic 
matter, pollutants, and ions, such as sodium, calcium and chloride. The first feasibility studies of 
producing potable water from seawater took place in 1949 at the University of California 
(Crittenden, 2005). Reverse osmosis is now a widely accepted process for desalination of water. 
2.2.1 COST AND ENERGY EFFICIENCY   
The cost of a reverse osmosis plant depends largely on the type of feed water, plant size, 
energy source, and pretreatment method. With regard to feed water, RO has been used to treat 
brackish waters and seawater. The difference between pressures required to treat these types of 
water is noticeable due to varying salt concentrations. Plant size also affects costs: smaller plants 
(less than 5000 m
3
/day) tend to be more expensive per unit water than medium sized (5000-
60,000 m
3
/day) or large (over 60,000 m
3
/day) plants.  
Energy is a significant component of RO plant costs. In a typical seawater desalination 
plant, energy costs comprise about 50% of the total cost of operation and maintenance. An 
additional 40% are fixed costs, such as capital investment, amortization, and insurance. The 
remaining 10% is divided between maintenance and parts, membrane replacement, labor, and 
necessary chemicals. About 20% of the membrane surface has to be replaced annually in a 
typical reverse osmosis membrane.  
The unit price of water has decreased significantly since the introduction of RO 
membranes, due to improvement in materials and technology, and the introduction of energy 
recovery devices. In 1970, the cost per m
3
 of water was about $5.00. In 1990, costs were reduced 
to $1-2 per m
3
, and more recently, plants were able to bring the cost down to under $1, as seen in 
Table 2 (Greenlee et al., 2009). 
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TABLE 2: PRODUCTION AND WATER PRICES FOR SEVERAL LARGE SEAWATER RO DESALINATION PLANTS 
(GREENLEE ET AL., 2009) 
Plant Location 
Plant 
Commission 
Year 
RO Production 
Capacity (m
3
/day) 
Water Price 
($/m
3
) 
Galder-Agaete, Spain 1989 3,500 1.94 
Jeddah, Saudi Arabia 1989 23,000 1.31 
Ad Dur, Bahrain 1990 45,000 1.30 
Lanzarote III and Agragua, Spain 1991 10,000x2 1.62/1.34 
Santa Barbara, California, USA 1992 25,000 1.51 
Dhkelia, Cyprus 1997 40,000 1.46 
Mallorca and Marbella, Spain 1998 42,000/56,400 1.03/1.00 
Eilat, Israel 1998 10,000 0.72 
Tampa Bay, Florida, USA 2003 94,600 0.55 
Fujairah, United Arab Emirates 2005 170,500 0.87 
Ashkelon, Israel 2005 320,000 0.53 
 
Most of the energy required in RO plants is used to pump the feed water. The pump 
creates hydrostatic pressure, which has to exceed the osmotic pressure of the salt on the feed 
side. To conserve energy and decrease the total plant cost, energy recovery devices have been 
introduced into RO systems. There are two main types of energy recovery devices currently in 
use, Class I and Class II (Greenlee et al., 2009). Class I devices convert potential energy from 
the concentrate stream into hydraulic energy for the feed stream. This allows the feed stream to 
bypass the main pump, requiring only a booster pump that accounts for the energy lost in the 
recovery process. Class I recovery devices allow recovery of up to 95% of the energy and overall 
can lower the total energy cost by about 40% (Kim et al., 2009). Class II recovery devices 
require two steps, converting energy from the concentrate stream into centrifugal kinetic energy, 
and back into hydraulic (Greenlee et al., 2009). 
2.2.2 CHALLENGES WITH REVERSE OSMOSIS 
The primary challenge with reverse osmosis membranes is cleaning, since backwashing 
to remove accumulated particles is not possible. Thus, careful pretreatment to extend membrane 
life is required. The two main causes of membrane damage and failure are scaling and fouling. In 
addition, treatment via RO creates a concentrated brine that must be disposed of properly.  
2.2.2.1 SCALING 
Scaling occurs when the concentrate becomes more saturated as the water is removed and 
more dissolved ions are fed into the system. This leads to exceeding the solubility limit of most 
salts, causing a precipitate to form on the surface of the membrane. The precipitate reduces 
permeability and damages the membrane irreversibly. The most common precipitate is calcium 
carbonate. Adjusting the pH of the feed water to 5.5 - 6, and/or adding polymeric antiscalants 
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hinders crystal formation and precipitation (Crittenden, 2005). However, according to Greenlee 
et al. (2009), calcium carbonate scaling is not common for seawater, due to the low recovery 
rates that are typical for seawater.  
2.2.2.2 FOULING 
Performance of the RO membrane is also reduced by fouling, which is the uneven 
accumulation of suspended or dissolved particles on the membrane surface or in the feed 
channel. The membrane surface becomes fouled when dissolved organic matter, dissolved solids, 
biogenic material and suspended particulate matter cling to it as they get separated from the 
water (Greenlee et al., 2009). Fouling leads to significant problems such as loss of flux, salt 
passage through the membrane, pressure drop across membrane modules, contamination of 
permeate, degradation of the membrane material, and reduction in membrane life (Crittenden, 
2005; Greenlee et al., 2009). 
Foulants depend on the site and pretreatment choice. The primary foulants for seawater 
are organics and particulate matter; however, dissolved inorganic salts and precipitation can also 
pose a problem (Greenlee et al., 2009). Microbial film is one of the most serious obstacles for 
desalination, as the membrane surfaces are in contact with numerous microorganisms and 
extracellular soluble material in the seawater. Microorganisms attach themselves to the 
membrane and grow rapidly, due to the high concentration of nutrients in the brine. In other 
water treatment applications, such growth can be easily eliminated by chlorination. Since most 
commonly used RO membranes are sensitive to chlorine, a dechlorination step prior to the feed 
reaching the membrane is required. However, dechlorination leads to an additional problem, 
“after growth.” Because not all bacteria are inactivated by chlorine, the surviving bacteria can 
cause biofouling immediately following dechlorination. In this case, the inactivated 
microorganisms become a nutrient source for bacteria that survived chlorination. The link 
between chlorination and biofouling is supported by reports of systems that avoid chlorination 
and have less biofouling (Alawadhi, 1997).  
Another major foulant is colloidal particles including clay, metal inorganics, such as 
aluminum and iron silicates, and some organics. Such particulate matter can form cake-like 
deposits on the membrane surface, or coagulate and plug the feed channels and piping. To avoid 
this type of fouling, RO membrane manufacturers recommend a pretreatment method that filters 
the feed to at least 5 microns (µm). A combination of coagulation, cartridges, media filtration 
and/or membrane filtration can be used for the pretreatment (Crittenden, 2005; Greenlee et al., 
2009). These pretreatment methods are discussed in Section 2.3. 
2.2.2.3 WASTE DISPOSAL 
A typical reverse osmosis membrane rejects between 99.4 and 99.7% of the salt that 
enters the system. This concentrated brine has about 70,000 mg/L dissolved salt, much more than 
typical sea water with a concentration of about 30,000 mg/L (Greenlee et al., 2009; Kim et al., 
2009). Usually, seawater RO plants discharge the concentrate back into the water body that the 
feed was taken from. Placing intake and discharge pipes in different locations allows for dilution, 
so that the intake composition is not affected by the discharge (Greenlee et al., 2009). However, 
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this approach raises important ecological concerns, such as contamination of the water body and 
underlying aquifers, disturbance of deep sea ecology, and inhibited natural mixing of the water 
due to differences in density. Possible solutions that have been proposed include deep well 
injections in non-potable aquifer or disposal to wastewater treatment plants (Kim et al., 2009).  
2.3 PRETREATMENT METHODS 
Reverse osmosis requires relatively “clean” water to perform at its highest efficiency. 
Clean in this context refers to the size and number of particles that are present in the water. As 
mentioned previously, membrane manufacturers recommend removing particles down to a size 
of 5 µm. Reducing the concentration of solids in the feed water improves the efficiency and 
extends the overall life of the membrane. Several methods have been established to reduce the 
solid content of water sources prior to RO. The following sections examine and compare these 
various pretreatment techniques. 
2.3.1 CONVENTIONAL TREATMENT 
Conventional treatment is a series of solid-liquid separation processes that utilize 
coagulation, flocculation, clarification and filtration. The coagulation and flocculation processes 
destabilize particles and aggregate the matter into larger particles that can be easily removed. 
Then, this floc material is settled or floated, and remaining solids are removed through filtration. 
If clarification is not an option due to footprint constraints, filtration can immediately follow the 
coagulation and flocculation process to filter out particles. These processes are further discussed 
in the following sections. 
2.3.1.1 COAGULATION-FLOCCULATION 
Coagulation and flocculation are used in conjunction to precipitate dissolved species and 
aggregate them in water. Coagulation is a chemical process in which the negatively charged 
particles in water are destabilized and dissolved organics are precipitated. In this process, a 
coagulant of opposite charge to the suspended solids is added to the water to neutralize these 
charges. Coagulant aids can also be utilized to increase the density of aggregates, thus reducing 
the settling time of the flocs and adding strength in order to prevent them from breaking apart in 
subsequent stages (Mountain Empire Community College, 2009). The optimum type and dosage 
of coagulant is crucial, and can be determined through bench-scale experiments and jar tests. 
Table 3 lists common coagulants and coagulant aids.  
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TABLE 3: COMMON COAGULANTS AND COAGULANT AIDS USED IN WATER TREATMENT 
(SOURCE: MOUNTAIN EMPIRE COMMUNITY COLLEGE, 2009) 
Chemical Name Chemical Formula 
Primary 
Coagulant 
Coagulant 
Aid 
Aluminum sulfate (Alum) Al2(SO4)3 ∙ 14 H2O X  
Ferrous sulfate FeSO4 ∙ 7 H2O X  
Ferric sulfate Fe2(SO4)3 ∙ 9 H2O X  
Ferric chloride FeCl3 ∙ 6 H2O X  
Cationic polymer Various X X 
Calcium hydroxide (Lime) Ca(OH)2 X* X 
Calcium oxide (Quicklime) CaO X* X 
Sodium aluminate Na2Al2O4 X* X 
Bentonite Clay  X 
Calcium carbonate CaCO3  X 
Sodium silicate Na2SiO3  X 
Anionic polymer Various  X 
Nonionic polymer Various  X 
* Used as a primary coagulant only in water softening processes. 
 
Rapid mixing is used to evenly distribute the coagulant throughout the water. In a study 
on optimization of a coagulation-flocculation treatment by Rossini et al. (1998), optimal results 
could be obtained with both short (about 10 s) and long (60 or 90 s) mixing times. Rapid mixing 
is followed by flocculation, a gentle mixing stage that facilitates collisions between particles. 
Flocculation is thus a physical process to enhance opportunities for particle collisions, allowing 
particles to aggregate together to form larger flocs. These processes are then be followed by a 
solid-liquid separation process to remove the solids formed, as described in Sections 2.3.1.2 and 
2.3.1.3. If time and size of the process is not a design constraint, clarification can be utilized after 
flocculation to allow for the floc to settle out of the water source before being further processed.  
2.3.1.2 CLARIFICATION 
Clarification processes remove particles due to density differences between the particles 
and water. Water is pumped to a tank with quiescent conditions, and over the course of the 
process, heavier particles settle down to the bottom of the tank.  Once these solids build up, they 
are removed and processed elsewhere. Water is drawn from the top of the tank where it is free 
from larger particles, and moves on for further treatment. 
An alternative clarification process is dissolved air flotation, in which particles are 
separated by floating them to the surface with micro sized air bubbles. The particles are then 
removed by laterally sweeping the water on the bottom and the particles from the surface in 
opposite directions. This technique is advantageous since it can remove small and low density 
particles because the particles are not required to settle. In addition, algae and oil can easily be 
removed with this process. Lastly, it requires a smaller footprint than sedimentation due to 
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shorter flocculation times (10 to 12 minutes, compared to 30 minutes for sedimentation) and 
higher loading rates for dissolved air flotation (Farmerie, 2009). In some cases, clarification or 
sedimentation is bypassed and the water is filtered immediately after flocculation (Minnesota 
Rural Water Association, 2007). 
2.3.1.3 MEDIA FILTRATION 
Media filtration is a process in which water passes through a column or a bed of media 
such as sand, anthracite, or other materials in order to remove solids. Particle removal is a 
physical process, where matter is separated from water by attaching to the filter medium. Media 
filtration without coagulation can remove particles typically down to 200 µm in diameter, which 
would not be sufficient as a pretreatment for RO. Therefore, the coagulation and flocculation 
processes are used prior to filtration to improve performance.  
Filtration can be performed immediately after coagulation (in-line filtration), after 
coagulation and flocculation (direct filtration) or after coagulation, flocculation and clarification 
(conventional filtration).  The in-line filtration process lacks a flocculation stage, where mixing 
would occur to aggregate particles. Because there is no flocculation stage, the contact time is 
reduced. The only flocculation that occurs is from the turbulent flow experienced throughout the 
pipes in the system. Johir et al. (2008) conducted a study of filtration on seawater turbidity 
removal efficiency and obtained a removal of 70% for fine filter media and dual media filters. 
Adding a traditional flocculation step prior to filtration improves particle removal 
Amokrane et al. (1997) optimized the coagulant dose and pH conditions for the pretreatment of 
landfill leachates by filtration. Under optimal conditions, 97% reduction of turbidity was 
obtained; however, the discharged water still possessed high fouling strength due to the 
significant iron content present. To solve this unforeseen problem, H2O2 was added as an oxidant 
and lime was added for pH control. With these added steps, the iron content and fouling index 
were reduced to the point where fouling was no longer an issue. 
There are three main design criteria that can be altered to fit the specific needs of the 
application in which the filter is used. These include media configuration, direction of flow, and 
method of moving water through the filter, either by gravity or by pressure. The configuration of 
the media bed can have one media (monomedia) or two media with the coarser material set on 
top of a finer material (dual media). Multi-media filters with three media types are also possible. 
The selection and number of media used vary by application and need. Some commonly used 
media and their characteristics are listed in Table 4.  
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TABLE 4: FILTER MEDIA AND THEIR MOST COMMON USES 
SOURCE: ADAPTED FROM NORTHERN FILTER MEDIA, 2002 
Media Color Most Common Use 
Activated Carbon Black 
Removing chlorine and organic 
contaminants, color and taste removal 
Anthracite Black Removing turbidity 
Birm Black 
Removing dissolved iron and manganese 
compounds 
Filter “AG”® Light gray 
Removing normal suspended solids down 
to 20-40 micron range 
Filter Sand Light brown 
Removing coagulum or precipitates 
containing impurities 
Garnet 
Reddish 
black 
Applications where chemical and abrasive 
resistance are necessary 
Manganese 
Greensand 
Purple black 
Removing soluble iron, manganese, 
hydrogen sulfide, radium, arsenic 
MTM® Dark brown 
Reducing iron, manganese, and hydrogen 
sulfide 
Northern Ultra Pale green Same as “Filter Sand” above 
Support Gravel Multi-color Supporting the primary filter medium 
Zeobest® Pale green Removing turbidity down to 3 microns 
Zeobest® Ultra Pale green 
Same as “Zeobest®” with a capacity to 
absorb ammonia ions 
 
The flow in media filters can vary between up-flow and down-flow designs. In an up-
flow filter, water is distributed evenly in the bottom of the tank and flows upward through the 
media in a swirling motion. In a down-flow filter, the water is distributed evenly across the top 
of the media and moves downward through the filter. An up-flow filter design has some unique 
advantages. As the water moves in an upward swirling motion, it is constantly lifting the media, 
which regenerates the bed eliminating the need for backwashing. Another advantage is the 
amount of contact time that an up-flow filter provides. This is again due to the way that the water 
travels through the media bed (Pelican Water Technologies, 2006). 
The way in which water flows through a media filter can be altered: either via gravity or 
pressure. Voutchkouv (2009) states that pressure filters are often selected for use because of their 
competitive costs, efficient use of space and their ease of installation and operation when 
compared to granular media gravity filters. 
Sand media filtration possesses important benefits. It can handle sudden and 
unpredictable changes in water quality such as very high or low pH chemical spills, oil or grease 
spills, exposure to very high water temperatures, or exposure to other constituents that could 
potentially damage a pretreatment system. In addition, granular media filtration can handle sharp 
objects such as shells and barnacles without the use of a fine screen before the process. In most 
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cases, granular filter media is better suited for handling a wide range of intake water qualities, 
while also possessing a low cost of media replacement (Voutchkouv, 2009). However, media 
filters possess low removal efficiency in terms of raw water organics in suspended form, 
disinfection byproduct precursors, fine particles, silt, and pathogens when compared to cartridge 
filters (see Section 2.3.2) and membrane filters (see Section 2.3.3). In addition, media filtration is 
sensitive to seasonal intake water quality variations such as high pathogen levels, fine particles, 
and elevated particulate organics contamination.  
The use of media filters requires backwashing, which produces waste. Typically, the 
volume of waste is equivalent to 8-12% of a plant’s intake volume. Since a coagulant is used in 
the pretreatment process, this provides additional solids content that adds to the waste produced. 
Other considerations for media filtration are chemical costs, power use, and media replacement. 
Power requirements are limited when using gravity media filtration pretreatment. The only 
energy required is powering the pumps used to deliver the water to and from the process, and 
backwashing the bed. If pressure is added to the process, more energy is required. An analysis of 
the hydraulics of the specific application will determine the pumps required and give a better 
estimation of exact costs. When exploring the aspect of media replacement, 5-10% of media is 
lost per year, and needs replacement to continue performance. The cost of such replacement is 
relatively low (Voutchkouv, 2009). 
In a situation where the uptake of seawater is through an open intake, as is the case of 
ocean vessels, a dual media pressure filter is recommended. Figure 3 shows a sketch of a down-
flow multi-media pressure filter. The water being filtered is distributed evenly across the media 
surface, and travels downward through the sand and gravel bed and then exits through the outlet. 
Eureka Manufacturing (2009) states that optimum results occur when flow paths at the media 
surface are completely vertical, so that collected solids are forced deep into the media, enabling 
much of the bed volume to be utilized. Due to the added use of pressure in these applications, the 
energy costs are greater. Overall, however, the current RO pretreatment technology of choice for 
many large and medium size desalination plants is some form of media filtration. 
 
 
FIGURE 3: DIAGRAM OF A DOWN-FLOW SAND/GRAVEL MULTIMEDIA PRESSURE FILTER 
(SOURCE: EUREKA MANUFACTURING) 
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2.3.2 CARTRIDGE FILTRATION 
Cartridge filters currently are used aboard sea vessels for the pretreatment of seawater 
before a reverse osmosis process. They are used as the primary pretreatment method to remove 
suspended solids before water enters the RO membrane. Their design is similar to a conventional 
swimming pool filter, with a pleated fiberglass, synthetic, or wool mat. In addition, the outer 
body must be corrosion resistant to handle the saltwater environment. Suspended particles are 
removed via a physical process, as pressure forces the water through tightly wrapped fibers. The 
pore sizes on these filters vary, for example, Porex Corporation (2006) produces cartridge filters 
that range from 50 to 5 microns in size. The finer the filter, the more particles it will trap and the 
quicker it will become clogged and need replacement (Johnson, 2005). Figure 4 displays an 
example of a cartridge filter.  
 
FIGURE 4: CONVENTIONAL CARTRIDGE FILTER WITH COMPONENTS DISPLAYED 
(SOURCE: MOONTRAIL BACKCOUNTRY EQUIPMENT, LTD., 2009) 
The disadvantage of cartridge filters is that they have a fixed solids-handling capacity. 
When the capacity is reached, the filters must be replaced to resume effective filtration. Cleaning 
of this type of filter is not practiced, as it is a time-consuming act that requires manual hosing 
down with a pressure washer. This greatly reduces the lifetime of these cartridges and increases 
the need for more downtime due to replacement needs. 
2.3.3 MEMBRANE FILTRATION 
Membrane filtration is the separation of components from water achieved by passing the 
water through small pores of a membrane, thus accumulating the components or particles on the 
surface of the membrane (West Basin Municipal Water District, 2009). Three different types of 
membrane filtration processes include microfiltration (MF), ultrafiltration (UF), and 
nanofiltration (NF). Microfiltration and ultrafiltration are used as pretreatment techniques prior 
to reverse osmosis in order to reduce the fouling and scaling of the RO system. Nanofiltration is 
generally categorized on the same level as reverse osmosis because the pore sizes for NF, about 
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0.001 microns, are small enough to remove the hardness from water. Thus, NF is usually not 
used as a pretreatment method for reverse osmosis (Lahlou, 1999). 
The major differences between MF and UF techniques are their membrane pore sizes, the 
pressure needed to run each system, and the constituents removed in each process. 
Microfiltration pore sizes generally range from 0.03 to 10 microns, with a low required pressure 
of about 100 to 400 kPa. Materials that are usually removed during microfiltration are sand, silt, 
clays, Giardia cyst and Cryptosporidiu oocysts, algae, and some bacterial species. Ultrafiltration 
membranes range from 0.002 to 0.1 microns and require an operating pressure of about 200-700 
kPa. UF removes the same constituents as MF, in and addition can remove viruses and humic 
materials (Lahlou, 1999). 
There are two different ways that water can pass through the membrane: cross-flow 
filtration and dead-end filtration, as displayed in Figure 5. In cross-flow filtration, the stream of 
water passes parallel to the membrane and perpendicular to the filtrate flow. Dead-end filtration 
passes the water in the direction perpendicular to the membrane (Zeman and Zydney, 1996). 
 
FIGURE 5: DEAD-END AND CROSS-FLOW MEMBRANE FILTRATION 
(SOURCE: ZEMAN AND ZYDNEY, 1996) 
Several types of modules or geometries can be used for membrane filtration. These 
include hollow fiber, tubular, and spiral wound configurations. The hollow fiber design, seen in 
Figure 6, consists of small tubes or fibers that are arranged in parallel inside a tube. The water 
passes either along the outside or inside of the fibers. This system is easily cleaned by reversing 
the direction of flow. One disadvantage to this design is its susceptibility to particulate plugging. 
Also, the system has high replacement costs because the entire cartridge must be replaced even if 
just one fiber breaks or ruptures (Zeman and Zydney, 1996). 
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FIGURE 6:  HOLLOW FIBER MEMBRANE FILTRATION DESIGN 
(SOURCE: ZEMAN AND ZYDNEY, 1996) 
The tubular design, shown in Figure 7, is similar to the hollow fiber design except it uses 
larger diameter tubes or fibers, about 0.3-2.5 cm. The water flows through the inside of the fibers 
and then flows outward across the membrane where it is collected at the other end of the tube. 
This system’s greatest advantage is its resistance to particulate plugging as well as its ability to 
be cleaned easily with chemicals. Also, it is possible to replace just one of the tubes instead of 
the entire system. This system has some disadvantages, which include its low packing density 
and large footprint requirement (Zeman and Zydney, 1996). 
 
FIGURE 7: TUBULAR MEMBRANE FILTRATION DESIGN 
(SOURCE: ZEMAN AND ZYDNEY, 1996) 
The spiral wound configuration, in Figure 8, consists of layers of membrane sheets and 
supporting material that are wound around a tube. This design has a larger surface area for the 
water to flow across and has a lower cost due to less required energy for pumping. A 
disadvantage to this system is its sensitivity to pollution. Table 5 summaries each configuration 
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in terms of channel spacing, packing density, energy costs, particulate plugging, and ease of 
cleaning (Zeman and Zydney, 1996). 
 
FIGURE 8: SPIRAL WOUND MEMBRANE FILTRATION DESIGN 
(SOURCE: MEMBRANE TECHNOLOGY AND RESEARCH, 2007) 
 
TABLE 5: COMPARISON OF MEMBRANE FILTRATION MODULE CONFIGURATIONS 
(SOURCE: ZEMAN AND ZYDNEY, 1996) 
Configuration 
Channel 
Spacing (cm) 
Packing Density 
(m
2
/m
3
) 
Energy Costs 
for Pumping 
Particulate 
Plugging 
Ease of 
Cleaning 
Hollow Fiber 0.02-0.25 1200 Low High Fair 
Tubular 1.0-2.5 60 High Low Excellent 
Spiral Wound 0.03-0.1 600 low Very high Poor-Fair 
 
The membrane units can be cleaned by backwashing the system when the trans-
membrane pressure (TMP) is above 30 psi. The backwashing removes debris that has built up on 
the membrane. In addition to backwashing, an air scour can be used to aid in the cleaning 
process. When these techniques are ineffective, chemicals can be used to further clean the system 
(Rome et al., 2000). Some considerations to cleaning the membrane include frequency and 
duration of cleaning, chemicals and their concentrations, temperature required for cleaning, 
recovery and reuse of cleaning chemicals, neutralization, and disposal of cleaning chemicals 
(Lahlou, 1999). 
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2.3.4 COMPARISON OF PRETREATMENT METHODS 
Numerous methods can be utilized as pretreatment techniques for a reverse osmosis 
process. Pretreatment systems are selected based upon the criteria specific to the reverse osmosis 
process, such as location or footprint. Because there are several factors that contribute to the 
success of a pretreatment system, generalizations cannot be made as to the “best” pretreatment 
method. Therefore, this section provides a general comparison between pretreatment methods.  
One aspect to be considered is how well the pretreatment process can handle abrupt 
changes in water quality and how their life and cleaning cycles are affected by these changes. 
Cartridge filters have a fixed solids handling capacity. If water with high solids content is 
suddenly being filtered, the cartridge will foul at a much higher rate and need to be replaced 
more frequently. Media and membrane filtration require backwashing once their solids limits are 
reached, but no replacement of components is necessary, leading to higher efficiencies and 
reduced maintenance costs. In comparison to other methods of pretreatment, membrane filtration 
is less prone to difficulties caused by seasonal changes in seawater temperature, pH, turbidity, 
color, pathogen contamination, and size and type of water particles (Voutchkov, 2009), but 
cannot handle a high amount of solids and will foul easier like the RO membrane and cartridge 
filters.  
The footprint of a pretreatment process is important especially in confined spaces, such as 
on a ship. In general, granular media filters possess a larger footprint than some other 
technologies. Under typical surface-water quality conditions, the footprint of granular media 
filters, designed at a surface loading rate of 3.5 to 5.0 gpm/sq ft (8.5 to 12.2 m³/m²-hr), is 
approximately 30 to 50 percent larger than that of an ultra or micro-filtration systems producing 
similar filtered water quality. For better-than-average influent water quality where granular 
media filters can perform adequately at surface loading rates of 6 to 8 gpm/sq ft (15 to 20 m³/m²-
hr), the total footprint difference is usually 20 to 40 percent more than membrane pre-treatment 
(Voutchkouv, 2009). If a flocculation step is used as a separate step prior to media filtration, then 
a larger footprint is necessary to handle the tanks required for mixing, unless in line flocculation 
is used and the footprint is not affected. 
Another aspect that should be explored is the additional costs for energy and chemicals 
that a pretreatment process might incur. Media filtration will require operation costs such as 
purchasing of chemicals and chemical feed pumps required to deliver the proper doses of 
coagulant to the system. According to Koch and von Gottberg (n.d.), power consumption for RO 
systems with media filtration as pretreatment tends to be high, and membrane life is often quite 
short. The replacement of a reverse osmosis membrane is a costly expense, varying from 
$0.06/m
3
 to $0.51/m
3
 (Avlonitis et al., 2003). Knops and Phay (2008) performed a comparison 
of media filtration and ultrafiltration as pretreatment methods to desalination using RO. Current 
applications of the various pretreatment types are presented in Section 2.4. 
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2.4 CURRENT APPLICATIONS OF PRETREATMENT SYSTEMS 
As explained throughout Section 2.3, there are several pretreatment options used for the 
reverse osmosis process. The following section provides analysis of current applications of some 
of these pretreatment systems. Examination of current applications helps to determine which 
system or combination of systems is most effective and suitable for an open water vessel. The 
following case studies examine pretreatment systems for both inland and ocean water vessels.  
2.4.1 INLAND SYSTEMS 
The following case studies investigate uses of pretreatment systems for inland reverse 
osmosis treatment facilities. 
2.4.1.1 PRETREATMENT OPTIONS IN CALIFORNIA 
California has faced long periods of drought and a decrease in drinking water resources 
and has therefore turned to desalination of seawater to produce potable water. There are five pilot 
projects in progress in southern California; however, this case study focuses on the design of the 
Carlsbad and Huntington Beach stations. These stations retrieve their feed water from the Pacific 
Ocean through the Agua Hedionda Lagoon. The water flows through two pretreatment systems 
in parallel: granular media filtration and microfiltration. There are two granular media filters: the 
first filter contains coarse sand and removes large particles, while the second filter contains finer 
sand, which removes smaller particles. The particles are then lifted through an air lift and 
removed from the system. Ferric sulfate and chlorine are added to the water before entering the 
first filter to increase flocculation and remove initial contaminants.  
The second pretreatment system involves microfiltration. The microfiltration system has 
two membrane modules and is composed of 16,800 fibers made of polypropylene. A pump is 
responsible for pushing the seawater across the microfiltration membranes. When the membranes 
begin to foul, more energy is required to force the seawater through the microfiltration system 
and therefore a higher power vacuum is necessary. The microfiltration process takes 
approximately 15 minutes. After the filtration cycle, a backwash cycle forces filtered water back 
through the membrane in the reverse direction to remove fouling. The microfiltration membranes 
are cleaned with chemical enhanced backwashing typically once a day.  
The seawater is prescreened with a disk filter before entering the microfiltration system. 
A problem occurred when barnacle larvae began growing on the disk filters and passing through 
the original 120 micron filter. The typical barnacle larvae size is approximately 85 microns, 
making the initial 120 micron filter insufficient. The filter was replaced with an 80 micron filter.  
Both the granular media filtration and microfiltration pretreatment systems were 
compared and tested under various weather conditions. Both systems performed equally well 
during dry weather conditions, which was important since California’s climate is dry 98% of the 
time. The microfiltration system requires less operation and maintenance and does not require 
the use of chemicals for coagulation of the feed water. By not using chemicals during the 
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pretreatment process, the system is less costly and generates less waste. The microfiltration 
system does however require more space for the prescreening prior to the microfiltration 
membranes as well as an additional system for treating the backwash water (Voutchkov, 2005). 
2.4.1.2 DISPOSABLE CARTRIDGE FILTERS IN THE BRITISH VIRGIN ISLANDS 
The island of Tortola is part of the British Virgin Islands and the entire public water 
supply on the island of Tortola comes from desalinated water. The plant on this island provides 
drinking water to 13,500 residents and 256,000 visitors on a yearly basis. The plant is operated 
by pumping water from shoreline wells to the plant or through an open sea intake system, which 
filters ocean water through the ocean floor. The plant uses disposable 5-10 μm polypropylene 
cartridge filters for pretreatment prior to reverse osmosis. However, the operation and 
maintenance of the pretreatment system requires replacement of cartridge filters every two 
months and cleaning of membranes every four months. Operation and maintenance contributed 
greatly to the cost of the systems for the replacement of membranes and spare parts. However, 
the greatest expense was the energy required to operate the systems. The operating cost of a 3785 
m
3
/day plant is $4,500,000. According to the case study, further investigation and development 
must occur in order to make the system more efficient and prevent fouling of membranes 
(International Environmental Technology Center, 1997).  
2.4.1.3 IONICS WATER TREATMENT SYSTEM FOR DIABLO CANYON POWER 
PLANT, AVILA BEACH, CALIFORNIA 
Commissioned in 1992, this water treatment system was designed to provide high-purity 
water for steam generation and cooling at the Diablo Canyon Power Plant in California. The 
majority of the water that the plant purifies comes from the Pacific Ocean. The 450 gpm plant 
uses in-line coagulation, with injection of ferric sulfate and a polyelectrolyte. The water is then 
treated through dual media filtration, UV disinfection and filtration through a 5 µm cartridge 
(Galloway et al., 2004).  
Even though the plant has been operating for more than 10 years, the original RO 
membranes are still in use. Such long-term success is attributed to very close monitoring of the 
system, such as careful measurement of changes in silt density index (SDI) and media pressure 
levels. Also, the media filters are operated in manual mode if a more frequent backwash is 
required, such as during storms. Backwashing is done with RO concentrate, due to its high 
salinity that does not promote bacterial growth. Additionally, the amount of chemicals is verified 
daily by calibrating the coagulant dosing equipment. Furthermore, ocean conditions are closely 
noted. Such careful maintenance of the system prolongs its life, so that micro or ultra filtration is 
not needed for this treatment plant (Galloway et al., 2004). 
2.4.1.4 UF VERSUS CONVENTIONAL PRETREATMENT AT FRENCH INSTITUTE 
OF MARINE RESEARCH  
A pilot study was conducted in parallel to a full-scale conventional pretreatment system 
at an RO plant at the French Institute of Marine Technology located at Palavas-les-flots on the 
Mediterranean coast of France. The feed sea water had a pH of 8, turbidity of 1.5 to 4 NTU, total 
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organic carbon concentration between 2.7 and 6.1 mg/L, silt density index of 6.1 to 6.4, 
suspended solids concentration ranging from 10 to 20 mg/L and temperature of 9 to 25°C. 
Conventional pretreatment employed sand filtration, filtering particles down to 10 μm, preceded 
by coagulation. The pilot system utilized coagulation, followed by polysulfone hollow-fiber UF 
membrane in dead-end mode, which filtered particles down to 0.01 μm (Prihasto et al., 2009).  
The results of the study pointed to distinct advantages of the UF membranes. 
Conventional treatment produced water with SDI of 5.85 and led to loss of 28% permeability of 
the RO membrane within 30 days. UF, on the other hand, generated water with SDI ranging 
between 1 and 2, and did not cause any RO membrane permeability loss in the 20 days of the 
trial (Prihasto et al., 2009). 
2.4.2. OCEAN WATER VESSELS 
The following case studies examine pretreatment systems used on open water vessels.  
2.4.2.1 US NAVY PRETREATMENT SYSTEMS  
It is essential for the United States Navy to generate potable water from ocean water. In 
order to accomplish this task, reverse osmosis for desalination of seawater in ocean vessels has 
been used by the US Navy since the 1980s. As pretreatment for the Navy Standard Reverse 
Osmosis (NSRO) process, the US Navy uses a cartridge filter system. The pretreatment cartridge 
filter system consists of three disposable filters in succession decreasing in screen size from 100 
to 3 microns. These cartridge filters work best in open ocean water far off the coast where the 
water is less turbid. However, cartridge filters prove to be inefficient when used in shallow and 
coastal water, lasting only ten hours as opposed to the 1000-hour lifespan in the open ocean.  
The inefficiency of the disposable cartridge filters is attributed to the composition of the 
sediment in shallow, coastal waters. These waters contain fine sand and silt and have a higher 
concentration of suspended solids as opposed to open ocean water. Shallow waters also contain 
more biological solids ranging from bacteria to plankton. Navy ships in the Persian Gulf region 
experienced difficulties with the cartridge filters because of the short life span of the filters. The 
filters also proved to be ineffective in removing fine sand and silt from the water. The fine sand 
and silt carried through to the reverse osmosis stage and caused fouling of the membranes as well 
as other operational failures (Office of Naval Research 2009). 
It has been determined by the US Navy that the need for desalination of seawater for 
disasters, security operations, and military situations will occur mostly in coastal waters. 
Therefore, because of the inefficiency of the cartridge filters in these waters, the Office of Naval 
Research (ONR) manages the Expeditionary Unit Water Purification Program (EUWP) which 
tests and implements new technologies for the reverse osmosis process. The first design 
improvement implemented by the EUWP in 2003 included the use of ultrafiltration membranes 
as a pretreatment system (Office of Naval Research, 2009). As ocean water passes through the 
ultrafiltration membranes, biological, chemical, and radiological contaminants are removed 
before proceeding to the reverse osmosis process. This design, named Generation 1, was used in 
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Port Clarence, Alaska to generate 250,000 gallons of drinking water in three days when storms 
had contaminated the water supply at a Coast Guard Station before hurricane Katrina hit in 
August of 2005. Generation 1 was also used after hurricane Katrina in New Orleans, LA in 2005 
to supply victims with drinking water. The system was able to produce 2900 gallons of water an 
hour (Koch Membrane Systems, 2008). 
The EUWP’s most recent design is the Generation 2 treatment plant, which involves a 
microfiltration membrane as a part of the pretreatment process instead of an ultrafiltration 
membrane. The microfiltration membrane filter is reusable rather than disposable which is more 
energy efficient and less costly. The design of the pretreatment system for Generation 2 also 
includes an electrocoagulation system in conjunction with microfiltration. The electrocoagulation 
system uses iron plates to generate the ferric ion for coagulation. The advantage of this system is 
that it provides self cleaning without the addition of chemicals. Another advantage of the 
Generation 2 pretreatment system is its use of ceramic membranes as opposed to the polysulfone 
membranes used in Generation 1. Ceramic membranes are durable and chlorine resistant. 
Generation 2 is capable of producing 200,000 gallons of water a day, a larger volume than 
Generation 1. ONR’s primary goal for the design of Generation 2 was to increase the efficiency 
of the reverse osmosis design as well as the deployment time of the vessel in coastal waters. The 
EUWP continues to research and explore different options for ship board desalination (Office of 
Naval Research, 2009).  
2.4.2.2 ULTRAFILTRATION ON A BARGE, ARABIAN GULF 
Manufactured by Arabian Gulf Ionics, this seawater RO system is located on a barge in 
the Arabian Gulf, as seen on Figure 9. Due to its mobility, it supplies clean water to several 
islands.  
 
 
FIGURE 9: AN UF/RO SYSTEM LOCATED ON A BARGE IN THE ARABIAN GULF 
(SOURCE: GALLOWAY ET AL., 2004). 
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The pretreatment method for this RO system is UF, which filters 3 million gallons a day 
of seawater, which is further filtered through RO to produce 1 million gallons drinkable water. 
This system is one of the largest UF systems in the world. UF was determined to handle the 
variability of the feed water better than other pretreatment systems. Also, it is the most space 
efficient pretreatment method because it fits on the same barge with the RO system, while media 
filtration would have required another barge thus increasing the capital and operational costs. 
This ultrafiltration system is also designed to prevent oil and grease from entering and 
contaminating the system by shutting down when in the presence of these constituents. 
Additionally, UF requires minimal chemical consumption compared to conventional 
pretreatments (Galloway et al., 2004). 
2.5 ISSUES WITH CURRENT PRETREATMENT METHODS IN USE ON 
VESSELS 
Currently, many ships going out to sea use a simple cartridge design to pre-treat ocean 
water prior to reverse osmosis in order to reduce the fouling and scaling on the RO membrane. 
Usually, either a one step 5 micron filter or a two step process that uses a 20 micron filter 
followed by a 3 micron filter is used. This design works well in the open ocean, but with greater 
amounts of suspended solids in the areas closer to the shore, the cartridges need to be replaced 
very often, almost daily. Another problem is that on long voyages several hundred replacement 
filters are needed, which takes up space and requires maintenance time to change the filters. The 
last major issue is that the waste filters have to be stored on the ship and then disposed of on 
land. Our goal is to develop and demonstrate an alternative to disposable filters or an improved 
disposable filter design that can last at least four months filtering slightly turbid water.  
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3. METHODS 
The goal of this project was to design a pretreatment system for RO for production of 
drinking water from coastal sea water on ships. In particular, the pretreatment system was 
required to reduce turbidity and organic carbon content, as well as be space and energy efficient. 
This chapter describes the bench-scale experiments that were conducted to evaluate various 
pretreatment alternatives and the analytical methods used to measure water quality.  
3.1 EXPERIMENTAL DESIGN 
Pretreatment alternatives were selected based on background research, and included 
cartridge filtration, media filtration, and ultrafiltration, as presented in Table 6. The goals for 
pretreatment were: 
 Turbidity: less than 1 NTU  
 Total organic carbon (TOC): below 3 mg/L  
 Particle size: smaller than 0.1 micron. 
 
TABLE 6: PRETREATMENT ALTERNATIVES 
Alternative Material Advantages Disadvantages 
Cartridge 
Filtration 
Polypropylene 
micro fibers and 
powdered 
activated carbon 
 Removes both turbidity 
and organic matter 
 Frequent replacement 
 Large footprint for 
storage 
 High cost for 
replacement filters 
Media 
Filtration 
Sand  Long lifetime 
 High turbidity removal 
with coagulation 
 Chemicals for 
coagulation 
Granular 
activated carbon 
 Absorbs organic matter  Frequent replacement 
or regeneration 
Anthracite  Long lifetime  Low turbidity removal 
Ultra-
filtration 
Hollow fiber 
polymer 
 Removes down to  
small particle size 
(0.025 μm) 
 Requires pretreatment 
 
In most experiments, 37.9 liters (10 gallons) of sea water were processed, since that was 
the volume specified by WERC. The raw water was prepared according to WERC guidelines 
(Section 3.2.1). This raw water was tested for turbidity, particle counts, total and suspended 
solids, and total organic carbon. Then, the sea water was treated with a single pretreatment 
process or combination of processes as seen in Table 7. The effluent water quality was measured 
and compared to the raw water quality and to the treatment goals. 
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TABLE 7: PRETREATMENT ALTERNATIVES SCHEMATICS 
Pretreatment Process Schematic 
Dual stage cartridge filtration (current 
technology) 
 
 
 
Dual stage cartridge filtration and 
ultrafiltration 
 
 
 
Ultrafiltration 
 
 
 
Media filtration 
 
 
 
Media filtration and cartridge 
filtration 
 
   
3.1.1 CARTRIDGE FILTRATION 
Currently, two cartridge filters with pore sizes of 20 μm and 3 μm are used in series on 
ocean vessels as pretreatment for RO. This existing pretreatment technology was tested in the 
laboratory for comparison purposes. Cartridge filters and their housings (General Electric, 
models GX1501R and GX1501R) were purchased from The Home Depot. The 20 μm and 3 μm 
filters sizes were unavailable; therefore, the closest filter sizes available were obtained (25 μm 
and 5 μm). A schematic of the filter set up is shown in Figure 10. The filter collected the water 
Raw 
water 
 
Media 
filter 
 
  Raw 
water 
 
Media 
Filter 
 
25 
µm 
 
Raw 
water 
    UF 
Raw 
water 
5 
µm 
 
25 
µm 
    UF 
Raw 
water 
5 
µm 
 
25 
µm 
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via tubing from a container with the raw water, and discharged the treated water via tubing into a 
2000 mL flask. The flask was then connected to a vacuum pump (KNF Neuberger) which was 
used to pull the water through the cartridge filter. First, 7.8 liters (2 gallons) of E-pure water 
were run through the cartridge filter to wet the filter and ensure the setup was functioning 
properly. The flow rate was determined by measuring the time it took for 1 L to be collected. 
Then, 37.9 L (10 gallons) of raw sea water were processed through the filter. The first sample 
was collected as soon as the effluent reached the collection tank, and again after 18.9 L (5 
gallons) and 37.9 L (10 gallons) had been treated. At each sampling time, two liters of water 
were collected to test the water quality and verify the flow rate.  
The procedure discussed above was used to test the 25 μm filter. Then, the effluent from 
the 25 μm filter was processed through the 5 μm filter in the same manner. Because a total of 
two gallons of water had been sampled during treatment through the 25 μm filter, the last sample 
for the 5 μm filter was collected after processing eight gallons rather than from ten gallons of 
water. 
3.1.2 MEDIA FILTRATION 
Media filtration was tested in a column 3 ft tall with an outer diameter of 4 inches (see 
Figure 10). The water was filtered by gravity filtration, with 12 to 18 inches of water residing in 
the column over the media. The bottom of the column contained three inches of medium sized 
gravel and one inch of sand (size No. 16) that was used to form a base to retain the media in the 
column. The media were placed above the base to a height of 12 inches. Six different mono 
media configurations were tested: activated carbon, anthracite, and sand of size No. 20, No. 30, 
No. 50, No. 100. The size number represents the sieve size through which the sand does not pass 
through. The sand sizes were chosen to represent the size of small gravel down to fine sand. In 
addition, dual media filtration was tested with various proportions of activated carbon or 
anthracite over No. 50 sand. 
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FIGURE 10: BENCH-SCALE MEDIA FILTRATION COLUMN 
The sand samples were obtained using a sieving machine. The sieves were arranged in 
order of decreasing opening size, with the finest size on the bottom, followed by the collection 
pan. The top sieve was then loaded with unsorted sand (Bond Sand & Gravel, Spencer, MA) and 
sieved for 7 to 10 minutes. Sand particles of a particular size were the particles that were retained 
on the sieve. For example, when sieve No. 30 (smaller) and No. 20 (larger) were used in series, 
sand retained on the sieve No. 30 had the size range of that corresponding to that of sizes 30 and 
20. Table 8 summarizes the sieve sizes used. Anthracite was obtained from the Worcester Water 
Treatment Plant, and granular activated carbon (GAC) was purchased at The Home Depot. 
 
 
 
 
 
 
 
 
12” Media 
1” No. 16 Sand 
3” No. _ Gravel 
Media Filtration Column  
Height:  3 ft 
Diameter: 4 inches 
Influent 
Effluent 
36” 
Medium Gravel 
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TABLE 8: SAND SIZE RANGES (SIGMA-ALDRICH) 
Sieve 
No. 
Sieve 
opening size 
(mm) 
No. of sieve 
used 
immediately 
above 
Sieve opening size 
(immediately 
above)  
(mm) 
Size range of the 
sand retained on 
the sieve (mm) 
20 0.841 16 1.19 0.841-1.19 
30 0.595 20 0.841 0.595-0.841 
50 0.297 30 0.595 0.297-0.595 
100 0.149 50 0.297 0.149-0.297 
 
Before the media was added to the column, it was washed with tap water. The sand was 
washed for one hour to remove any silt or dust particles that remained in sand. The activated 
carbon was rinsed for one minute, according to the directions on the package, and the anthracite 
was washed for several minutes. After washing, the media was added to the column while 
maintaining at least six inches of tap water above the media to prevent the formation of air 
bubbles. Next, tap water was filtered through the media by gravity until the influent and effluent 
turbidities were approximately equal, to ensure that the media did not add turbidity to the filtered 
water. 
Preliminary testing was completed to compare the different types of media. The raw sea 
water was added directly to the column. Two gallons of sea water were allowed to pass through 
the media by gravity to flush the tap water from the column. Then, an effluent sample was 
collected to obtain an initial measurement of the turbidity, flow rate, and total organic carbon 
(only for carbon and anthracite). After 5 gallons of sea water were treated, a second sample was 
collected and tested for the same parameters. 
3.1.2.1 COAGULATION 
Media filtration was tested by itself and with an addition of ferric chloride and aluminum 
sulfate (alum) as coagulants. Jar tests were performed to determine the optimal dose of the 
coagulant. First, a set of 0.6 L beakers were each filled with 0.5 L of the raw sea water, and the 
pH of the water was lowered to 6-6.5 with hydrochloric acid. The appropriate volume of the 
coagulant was then added to each beaker. Next, the samples were mixed by the jar tester rapidly 
for two minutes. The speed of the paddles was then switched to low, and the samples were 
mixed, allowing the flocs to form. After 20 minutes of slow mixing the jar tester was turned off 
and the samples settled for 20 minutes. Finally, the supernatant water was extracted with pipettes 
and the turbidity and pH measurements were recorded.  
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3.1.3 ULTRAFILTRATION  
Ultrafiltration was tested for removal of particulate material using a bench-scale 
membrane filtration system (T/RX-300, X-Flow B.V., Netherlands). The unit was set to operate 
with the least amount of waste flow and maximum amount of treated water flow. To begin 
testing, the membrane was removed from its packaging and placed into the housing on the 
device. E-pure water was added to the reservoir and the unit was turned on and run for five 
minutes to flush any glycerin from the membrane. The reservoir was then emptied and filled with 
the water to be tested. The unit was turned on and effluent samples of water were collected 
initially, after five gallons had been treated, and after ten gallons had been treated. Two liters of 
water were collected at each sampling time. 
3.2 ANALYTICAL METHODS 
The following sections provide details on the preparation of sea water and the methods 
used to measure raw and treated water quality. 
3.2.1 PREPARATION OF SEA WATER 
The raw sea water used for testing was prepared according to the instructions provided by 
WERC. The ingredients and their concentrations are specified in Table 9. Water was produced in 
batches of 10 gallons, using dechlorinated tap water (see Section 3.2.1.1). The ingredients were 
measured, added to the bucket of water, stirred, and strained through a 500 micron screen.  
 
TABLE 9: RAW SEA WATER INGREDIENTS 
Ingredient Manufacturer 
Concentration 
(mg/L) 
Mass or volume per 10 
gallons 
Sea salt Aquarium Systems 32,000 1.211 kg 
Klamath Blue Green 
Algae Powder 
Power Organics 75 2.839 g 
Orchid Pro TurfPro USA 20 0.738 mL 
 
3.2.1.1 DECHLORINATION OF TAP WATER 
Tap water in the laboratory was measured for chlorine concentration, dechlorinated with 
sodium thiosulfate, and re-measured to ensure that no residual chlorine remained. First, the free 
chlorine concentration (mg/L) of tap water was measured using the Hach DR/3000 
Spectrophotometer (Hach Company, Loveland, CO) at 530 nm wavelength. Two 25 mL sample 
vials were filled with tap water. The first vial was used to calibrate the spectrometer to a zero 
concentration. Then, one packet of DPD Free Chlorine Reagent Powder Pillow was added to the 
second vial. After 10 seconds of vigorous shaking, the vial was placed into the spectrometer, and 
the measurement was read after another 10 seconds.  
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Total chlorine concentration was measured using the same spectrometer setup. Two 25 
mL vials were filled with tap water. The instrument was zeroed with the fist vial. Then, one 
packet of DPD Total Chlorine Reagent Powder Pillow was added to the second vial of tap water. 
The mixture was shaken for 20 seconds, and then allowed to react for 3 minutes. Finally, the vial 
was placed in the spectrometer and the measurement was read. Sodium thiosulfate (Na2S2O3) 
was used as dechlorinating agent, to neutralize residual chlorine. Since the chlorine concentration 
in the tap water was consistently at or below 0.05, the 37.9 liter (10 gallon) batch of water 
required 3.785 grams of Na2S2O3.  
3.2.2 TURBIDITY 
Turbidity was measured using a Hach 2100N Turbidimeter (Hach Company, Loveland, 
CO). The sample water was gently stirred in the collection container with a stir bar to ensure the 
particulate matter was evenly dispersed. The water was then poured into the turbidity vial to 
mark, ensuring no air bubbles had formed. The cap of the turbidity vial was screwed onto the 
vial. The vial was then inverted gently twice to create a uniform sample. The outside of the vial 
was rinsed with E-pure water and then dried with a kimwipe to remove dirt and finger prints. The 
vial was placed in the turbidimeter so the arrow on the vial aligned with the arrow on the meter 
and then the cover of the meter was closed. The turbidimeter was set with auto ranging and 
signal averaging, to provide a more stable reading. After waiting ten seconds for the reading to 
stabilize, the readout was then watched for ten to twenty seconds and an average of the readings 
was taken as the turbidity measurement in nephelometric units (NTU).   
3.2.3 PARTICLE COUNTS 
Particle counts were measured using a Chemtrac Systems PC 2400 PS Particle Counter 
with Grabbit 311 Software (Chemtrac Systems Inc, Norcross, GA).  This instrument is a light 
blocking particle counter that can measure up to 16,000 particles per mL from 2 to 400 µm in 
size in up to 16 predefined size channels. The following particle size intervals were used: 2-3, 3-
4, 4-5, 5-6, 6-7, 7-8, 8-9, 9-10, 10-20, 20-30, 30-40, 40-50, 50-75, 75-100 and 100 and greater 
microns. The particle counter was used in grab-sample mode, sampling a volume of 50 mL twice 
with a purging volume of 75 mL to ensure that there was no carry over for prior samples. These 
specifications were imported into the Grabbit software and then downloaded to the particle 
counter through the COM1 port.  
After the software setup and download of specifications, the flow rate was calibrated to 
100 mL/minute, using a stopwatch and a graduated cylinder. Then, each sample was analyzed 
with measurement of E-pure water in between each sample to ensure that the particle counter 
was flushed. After each sample was run, the data were saved on the particle counter. Once all the 
samples were analyzed, the data were uploaded to the computer and compiled into Microsoft 
Excel 4.0. 
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3.2.4 TOTAL, DISSOLVED AND SUSPENDED SOLIDS 
Total, dissolved and suspended solids were tested for the raw water, as well as the treated 
effluent of cartridge filtration and the combination of cartridge and UF filtration.  
3.2.4.1 TOTAL SOLIDS 
Total solids were measured by drying a known volume of each sample and measuring the 
remaining solids. A clean porcelain dish was dried in an oven (Lindberg/Blue M, Asheville, 
N.C.) for 1 hour at 105°C. It was then allowed to cool to room temperature in a dessicator for 30 
minutes to an hour. The weight of the dish was then recorded on an analytical balance, and 2 mL 
of the sample were transferred into the dish via a pipette. The dish with the sample was then 
returned to the oven to dry for 1 hour at 105°C. After cooling the dish with the dried sample to 
room temperature in the dessicator, it was weighed again. The concentration [C] of the dissolved 
solids was calculated using Equation 1: 
 
-
                                               (Equation 1) 
 
where C is the concentration in mg/L, and m is the mass in mg.   
3.2.4.2 TOTAL SUSPENDED SOLIDS 
 Total suspended solids were measured by passing samples through a filter and weighing 
the solids retained. A glass-fiber filter disk (Whatman 934-AH, Whatman Inc., Florham Park, 
NJ) was placed in a vacuum filtration apparatus. The filter was prewashed with about 30 mL of 
reagent grade (E-pure) water with the vacuum turned on. The filter disk was then transferred into 
a clean porcelain dish and dried in an oven at 105°C for 1 hour. After cooling to room 
temperature in the dessicator, the dish with the filter was weighed.  The filter disk was placed 
back into the vacuum filtration apparatus, and the sample was transferred into the filter housing. 
The volume of sample used was 25 mL for raw water, 250 mL for water that had been filtered 
though the cartridges, and 300 mL for water that had passed through the UF membrane, to ensure 
that about 40 mg were trapped on the filter. After filtering the sample, the filter was transferred 
back into the dish, and the dish and filter dried in the oven for 1 hour at 105°C. The 
concentration of the suspended solids was calculated using Equation 2:  
 
-
                                     (Equation 2) 
 
where concentration [C] has units of mg/L, mass [m] is measured in mg, and volume is in mL.  
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3.2.4.3 TOTAL DISSOLVED SOLIDS 
Total dissolved solids were calculated by subtracting the concentration of suspended 
solids from the concentration of total solids.  
3.2.5 TOTAL ORGANIC CARBON 
The concentration of total organic carbon was measured using a Shimadzu TOC-5000A 
total organic carbon analyzer. Standard solutions were prepared to generate a calibration curve 
for analysis of the samples.  
3.2.5.1 STANDARD PREPARATION 
All glassware used for the preparation of the standards was acid washed in a 20% sulfuric 
acid bath, rinsed three times with E-pure water and dried thoroughly before use to ensure the 
glassware was organic free. First, a three point standard calibration curve was prepared. The 
stock primary standard with a concentration of 1000 mg/L was prepared by drying 0.75 grams of 
potassium hydrogen phthalate in an oven at 105°C for thirty minutes. The potassium hydrogen 
phthalate was then cooled in the dessicator for thirty minutes. An analytical balance was used to 
weigh 0.5314 grams of the Potassium Hydrogen Phthalate, which was added to a 250 mL 
volumetric flask and filled to the mark with E-pure water. This stock primary solution was stored 
for up to 1 month at 4°C. Then, an intermediate standard of 100 mg/L was prepared. A 100 mL 
volumetric flask was filled halfway with E-pure water and 10 mL of the stock primary standard 
was added to this flask using a pipette. The 100 mL flask was then filled to the mark with E-
pure. This intermediate standard was used within 2 days of preparation. 
The next step involved preparing three standards appropriate for the expected 
concentrations of the samples. These three standards were used to create a calibration curve for 
sample analysis. The standards that were created ranged from 0 to 30 mg/L, depending on the 
expected organic carbon concentration of the sample. Three 100 mL volumetric flasks were 
filled partially with E-pure water and then 100 µL of 6 N HCL was added to each flask. For the 0 
mg/L standard, no intermediate stock solution was added. For the other standards, 1 mL of 
intermediate stock solution was added for each 1 mg/L of standard. Each flask was then filled to 
mark and mixed. Approximately 40 mL of the each of the standards were transferred to 
Shimadzu TOC vials. The three vials were then covered with parafilm and a plastic Shimadzu 
cap. The vials were placed in the inner ring of the autosampler tray from highest to lowest 
concentration.  
3.2.5.2 SAMPLE PREPARATION 
Samples analyzed for TOC were first acidified. 100 µL of 6 N HCl was added to a 100 
mL volumetric flask. The water being tested was then added to mark. The flask was mixed and 
poured into two TOC vessels, each about three-quarters full. Parafilm was used to cap the vials, 
and a plastic Shimadzu cap was placed over the Parafilm. The samples were then placed into the 
autosampler tray in the designated sample slots. In between each actual sample a “zero” was 
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placed, which consisted of acidified E-pure water. This was to ensure the lines were flushed of 
the previous sample, and that the machine was functioning accurately. 
3.2.5.3 TOC QUANTIFICATION  
Once all of the working standards were prepared, the auto-sampler cells for the Shimadzu 
TOC-5000A were filled.  Each standard and sample was inverted three times, poured into an 
autosampler vial, and then the vial was covered with parafilm and plastic Shimadzu lids.  The 
standards were placed in the inner ring of the autosampler rack from highest to lowest, and then 
the samples were placed in the outer ring of the autosampler rack. Quality control was 
established by placing two working standards with known concentrations in with the sample 
vials to verify accurate measurements.   
All standards and samples were sparged for five minutes before analysis to remove any 
carbon dioxide and then analyzed three to five times.  The standards and samples were measured 
a minimum of three times, after which the standard deviation and coefficient of variation were 
calculated.  If the values were not in the desired range (200 for standard deviation and 2.0% for 
coefficient of variation) after the third measurement, then another measurement was taken.  
Measurements were taken until the values were in the desired range or until 5 measurements 
were taken.  Three calibration curves with different ranges were produced and the instrument 
selected the best curve for determining the concentration of each sample. 
3.2.6 E-PURE WATER (REAGENT GRADE WATER) 
Reagent grade water (E-pure) was used for all laboratory measurements (E-pure 
deionizer, Barnstead/Thermolyne, Dubuque, IA). Water treated by the E-pure system is feed 
from an ROpure ST system (Series 631, Barnstead/Thermolyne, Dubuque, IA). The ROpure ST 
is a reverse osmosis treatment system where salts and synthetic organic compounds are removed 
by a membrane. Two cartridges are used in this system, a cellulose acetate tri-acetate membrane 
(Catalog Number D6317) and a thin film composite membrane cartridge (Catalog Number 
D6318). E-pure is deionized water, where positively charged ions (cations) and negatively 
charged ions (anions) are exchanged for hydrogen (H
+
) and hydroxyl (OH
-
) ions. This process 
removes impurities such as calcium and sodium. A series of four cartridges are utilized to 
produce E-pure water: a macropure filter (Catalog Number D0836), high capacity two-bed filter 
(Catalog Number D0803), ultrapure mixed bed filter (Catalog Number D5027), and an organic 
free filter (Catalog Number D5021). The water also passes through a 0.2 m filter. E-pure is 
made on-site in the WPI laboratory.  
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4. RESULTS AND DISCUSSION 
 As discussed previously, the US Navy uses pretreatment followed by RO for producing 
fresh water on sea vessels. The current pretreatment system is two cartridge filters in series with 
pore sizes of 20 µm and 3 µm. This pretreatment system is sufficient at sea, but in the coastal 
waters the filters foul quickly. On average, the cartridges need to be replaced every four days, 
leading to four hours of off-line time for each replacement. In addition, the cartridges are not 
reusable, and require a significant storage area until they can be disposed of at shore. Therefore, 
alternative methods for pretreatment were evaluated to determine a more effective pretreatment 
design. This chapter presents results of laboratory testing on pretreatment alternatives and 
selection of a system based on water quality, energy, and footprint requirements. From 
laboratory results, a prototype and full-scale system were designed.  
4.1 CRITERIA FOR PRETREATMENT DESIGN  
 The criteria for the pretreatment design were to develop an effective, energy efficient and 
simple pretreatment system for treatment of 30,000 gallons of ocean water per day. The specific 
pretreatment requirements of the system are outlined in Table 10
1
. The volume of water to be 
treated, energy requirement, footprint, and effluent particle size were provided by WERC. 
Because RO membranes are susceptible to scaling and fouling, pretreatment alternatives that 
reduce total organic carbon to 3 mg/L and turbidity to less than 1 NTU prior to entering the RO 
membrane are necessary for an effective system (Bates, 1998). 
TABLE 10: REQUIRED PARAMETERS OF THE RO PRETREATMENT SYSTEM 
Parameter Requirement 
Volume of water to be treated 30,000 gpd 
Energy requirement ≤ 10% of RO energy use 
Footprint 
≤ 3 times the current 
cartridge system 
Effluent Parameters 
Turbidity 
Total organic carbon (TOC) 
Particle size 
 
≤ 1 NTU (Bates, 1998) 
≤ 3 mg/L (Bates, 1998) 
0.1 µm  
 
 
                                                 
1 This MQP was entered into the WERC competition at New Mexico State University in Las Cruces, NM. Specific requirements for volume of 
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4.2 EVALUATION OF PRETREATMENT ALTERNATIVES 
 Alternative pretreatment systems were identified and evaluated according to treatment 
effectiveness, cost, energy requirements, and waste generation. Initially, pretreatment 
alternatives were selected based on their potential to meet the goals for turbidity and organic 
matter removal prior to reverse osmosis. Tables 1 and 2 provide information on each 
pretreatment alternative tested in the laboratory at the bench-scale, and the schematics of the set 
ups 
 Currently, two cartridge filters with pore sizes of 20 μm and 3 μm are used in series on 
US Navy ocean vessels as pretreatment for RO. This existing pretreatment technology was tested 
in the laboratory for comparison purposes. The 20 μm and 3 μm filters sizes were unavailable; 
therefore, the closest filter sizes available were obtained (25 μm and 5 μm General Electric, 
GX1501R, GX1501R). Media filtration was also tested at the bench-scale because with the 
proper media and coagulant, media filtration is successful in removing up to 97% of turbidity 
(Amokrane et al., 1997). Various media types that are currently used in drinking water 
applications were tested including sand, anthracite, and activated carbon. Sand and anthracite 
primarily remove particulate matter, while activated carbon also absorbs organic matter 
(Northern Filter Media, 2002). Mono and dual media filtration were both tested at bench-scale. 
 Lastly, ultrafiltration using the hollow fiber membrane filtration design was evaluated at 
the bench-scale model because of its ability to remove particles down to a size of 0.025 µm 
(Lahlou, 1999). 
4.2.1 MEDIA EVALUATION: MONO MEDIA  
 Mono media filtration was tested to determine the appropriate grain size that would yield 
the greatest removal of turbidity with a reasonable flow rate. Bench-scale testing was conducted 
in a 3-foot media filter with a diameter of 4 inches as discussed in section 3.1.2. Each medium 
was tested by processing two gallons of raw ocean water through the filter by gravity flow. No 
coagulant addition or pH adjustment was used for this initial media evaluation.  
 Table 11 displays the media that were tested as well as the percent removal of turbidity 
and percent decrease in flow. No. 100 grain size had the highest percent removal of turbidity 
(98.5%). However, after two gallons of water had been processed the flow had stopped (turbidity 
results were collected shortly before 2 gallons had been processed). Grain size No. 50 removed 
82.6% of the turbidity, and had a final flow rate of 0.20 gpm/ft
2 
(12.8 mL/sec/ft
2
). The 
appropriate flow rate for a mono media sand filter ranges between 1.5 and 2.5 gpm/ft
2
 (95 and 
126 mL/sec) (Multi-Media Water Filters, 2010), and therefore a low flow pump would be 
necessary to achieve this standard flow rate. Granular activated carbon and anthracite were less 
effective than No. 50 sand at removing particles, reducing the turbidity by 50% and 30%, 
respectively. 
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TABLE 11: TURBIDITY AND FLOW RATE RESULTS FOR MONO MEDIA FILTRATION 
Media Turbidity (NTU) Flow Rate (mL/sec) 
Sand Sieve 
Size 
Raw 
Water 
Initial 
Effluent 
Final 
Effluent 
% 
Removal 
Initial Final 
% 
Decrease 
20 21.3 7.15 10.5 50.7 21.8 21.0 3.7 
30 14.5 3.03 5.86 59.6 20.4 19.4 4.9 
50 15.6 1.23 2.72 82.6 15.4 12.8 16.9 
100 15.6 0.43 0.23 98.5 4.3 No Flow N/A 
Granular 
Activated 
Carbon 
15.6 3.36 7.6 51.3 21.6 21.3 1.4 
Anthracite 29.2 12.1 20.5 29.8 20 16.4 18.0 
 
 In addition to turbidity reduction, the removal of total organics was also measured. It was 
assumed that sand did not remove organics, and therefore, only granular activated carbon and 
anthracite were tested for organic carbon removal. Table 12 displays the percent removal of 
organic matter for both types of media. Granular activated carbon was successful in removing 
64% of organic matter, while anthracite only removed 11 %.  
 
TABLE 12: TOTAL ORGANIC CARBON RESULTS FOR GRANULAR ACTIVATED CARBON AND ANTHRACITE 
Media 
Total Organic Carbon (mg/L) 
Raw Water Final Effluent % Removal 
Granular Activated Carbon 25 8.96 64.2 
Anthracite 28.5 25.3 11.2 
 
4.2.2 MEDIA EVALUATION: DUAL MEDIA 
 Based on mono media testing results, sand is effective for turbidity removal and granular 
activated carbon for organic carbon removal. Therefore, a dual media design was evaluated to 
meet the effluent water quality goals, which include removal of both turbidity and organics. 
Different proportions of sand and granular activated carbon were tested to determine the most 
effective ones (See Appendix A). A 5:1 ratio of No. 50 sand to activated carbon was the most 
successful in performance. This dual media filter removed turbidity to 6.21 NTU and total 
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organic carbon to 10.3 mg/L; however, it was unable to meet the pretreatment goals of less than 
1 NTU for turbidity and less than 3 mg/L for total organic carbon. Because the addition of a 
coagulant enhances turbidity removal (Amokrane et al., 1997), further testing of filter media 
included coagulant addition.  
4.2.3 MEDIA EVALUATION: DUAL MEDIA WITH COAGULATION 
 Aluminum sulfate and ferric chloride were tested using jar tests to determine the 
appropriate dosage and pH conditions for treatment. Table 13 below displays the jar test results 
for alum and ferric chloride.  
 
TABLE 13: JAR TESTING RESULTS FOR ALUM AND FERRIC CHLORIDE 
Alum Dose 
(mg/L) 
Turbidity 
Settled (NTU) pH Observations 
0 14.5 7.55 N/A 
0 10.2 8.01 N/A 
25 8.48 7.71 small flocs, little to no settling 
50 1.38 6.93 large flocs; decent settling; seemed light, fluffy 
100 3.37 7.12 large fluffy flocs, some settling 
150 3.35 6.89 large fluffy flocs,ok settling 
200 3.31 6.62 large fluffy flocs, best settling 
250 1.37 6.09 light, fluffy flocs; larger than previous; good settling 
300 3.92 6.19 large fluffy flocs, good settling 
1000 8.77 4.42 smaller flocs, but still light, fluffy 
5000 10.2 4.06 small dark, dense flocs 
10000 13.2 3.78 no change apparent 
Ferric Dose 
(mg/L) 
   0 13.7 7.48 N/A 
25 5.07 7.05 4th best visually 
50 3.04 6.84 3rd best visually 
75 2.12 6.54 2nd best visually 
100 2.20 6.43 1st best visually- largest, densest flocs 
250 2.20 5.72 small flocs, water was just cloudy, orange 
300 4.23 5.16 small flocs, water was just cloudy, orange 
 
 To achieve optimal coagulation, the pH of the water should be between 6 and 8 for 
aluminum sulfate and between 4 and 9 for ferric chloride (Viessman et al., 2009). Therefore, 
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HCl was added to the raw water to lower the pH and achieve optimal results. The optimal dosage 
for alum was 50 mg/L because it reduced the turbidity to 1.38 NTU. The optimal dosage for 
ferric chloride was 75 mg/L, which reduced turbidity to 2.12 NTU.  
Both alum and ferric chloride were used to coagulate the sea water prior to filtration 
through the dual media filter with sand and GAC at a 5:1 ratio. Table 14 displays the turbidity 
and total organic carbon results for the dual media filter with the addition of coagulants. It is 
clear that both ferric chloride and alum were effective in removal of turbidity and total organic 
carbon. Since the results were comparable and ferric chloride required a greater dosage, alum 
was chosen as the coagulant.  
 
TABLE 14: TURBIDITY AND TOTAL ORGANIC CARBON RESULTS FOR DUAL MEDIA FILTER WITH 
ADDITION OF COAGULANTS 
Media 
 
 
Turbidity (NTU) Total Organic Carbon (mg/L) 
Raw 
Water 
Initial 
Effluent 
Final 
Effluent 
% 
Removal 
Initial Final 
 
% 
Decrease 
5:1 No. 50 
sand: GAC w/ 
50 mg/L Alum 
14.2 0.823 0.747 94.7 27.3 8.4 69.2 
5:1 No. 50 
sand: GAC w/ 
75 mg/L Ferric 
14.0 1.25 0.664 95.3 27.7 7.9 71.5 
 
 Therefore, these preliminary results from media filtration demonstrated the best 
performance using dual media filtration with sand and activated carbon along with alum 
coagulation (50 mg/L) and pH adjustment to between 6 and 6.5. Therefore, all subsequent media 
filter tests were conducted with these conditions. 
4.2.4 BENCH-SCALE TESTING OF ALTERNATIVES 
 Pretreatment alternatives were tested individually as well as in series to determine the 
alternatives that would meet the water quality goals. Raw ocean water was prepared in the 
laboratory as described in section 3.2.1. The water had a turbidity ranging between 14 and 33 
NTU and total organic carbon ranging between 25 and 29 mg/L. This water was treated by the 
filtration processes displayed in Table 15 and the effluent was collected for water quality 
analysis at multiple times during treatment. Results are provided in the following sections. 
 
 
37 
 
TABLE 15: PRETREATMENT PROCESSES TESTED IN THE LABORATORY 
Pretreatment Process Schematic 
Dual stage cartridge filtration 
(current technology) 
 
 
 
Dual stage cartridge filtration and 
ultrafiltration 
 
 
 
Ultrafiltration 
 
 
 
Media filtration 
 
 
 
Media filtration and cartridge 
filtration 
 
  
The five pretreatment process alternatives shown in Table 15 were evaluated for removal 
of turbidity and organic carbon from raw ocean water. For these bench-scale test, 10 gallons of 
raw water were processed through the setups through gravity flow as discussed in section 3.1.2. 
Figure 11 displays the results from bench-scale testing for turbidity. The effluent turbidity goal 
of less than 1 NTU was met by the current technology of two cartridge filters in series, media 
filtration and media filtration followed by cartridge filtration after 10 gallons of water had been 
processed. The ultrafiltration membrane fouled after only two gallons of water had been 
processed and therefore results for water processed after 5 and 10 gallons were unavailable. 
Results for the dual stage cartridge filtration and UF in series were also unavailable 
because a UF membrane was unavailable for testing at the time. However, since the cartridge 
Raw 
water 
 
Media 
filter 
 
  Raw 
water 
 
Media 
Filter 
 
25 
µm 
 
Raw 
water 
    UF 
Raw 
water 
5 
µm 
 
25 
µm 
    UF 
Raw 
water 
5 
µm 
 
25 
µm 
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filters in series and the UF alone were successful in meeting the pretreatment turbidity goal as 
individual units, it was assumed that the cartridge filters and UF in series would also be 
successful in meeting the turbidity goal.  
 
FIGURE 11: EFFLUENT TURBIDITY RESULTS FOR PRETREATMENT ALTERNATIVES 
 Total organic carbon results are displayed in Figure 12. The pretreatment technologies 
that used cartridge filters were successful in meeting the target goal of 3 mg/L. Again, the 
ultafiltration membrane fouled after 2 gallons of water had been processed and therefore results 
for 5 and 10 gallons processed were unavailable. The ultrafiltration membrane and the media 
filter, when utilized individually, were unsuccessful in meeting the requirements for removal of 
total organic carbon. Ultrafiltration was eliminated as an option at this point because the 
membrane fouled so quickly and was unable to process more than 2 gallons of water. The 
cartridge filters in series with ultrafiltration were also eliminated as an option because 
ultrafiltration requires more energy than media filtration. Media filtration as a single process was 
eliminated as an option because it was unable to meet the total organic carbon goal.  
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FIGURE 12: EFFLUENT TOTAL ORGANIC CARBON RESULTS FOR PRETREATMENT ALTERNATIVES 
 In addition to testing for turbidity and total organic carbon some of the pretreatment 
alternatives were tested for removal of particles, suspended solids, dissolved solids, and UV. 
These tests were not done for all of the pretreatment alternatives because they were not found to 
be essential in determining which pretreatment alternative to use. Results are shown in 
Appendices E and F. 
 Particle counts were measured for UF; 25 micron cartridge filter; 25 micron and the 5 
micron filters in series; and 25 micron filter, the 5 micron filter and UF in series. Also, were 
measured in two batches of raw water for comparison purposes. In all of these tests the number 
of particles were analyzed initially, after 5 gallons, and after 10 gallons The results can be found 
in Appendix B. Overall the lowest counts were achieved by pretreatment with ultrafiltration. 
Based on UF pore size, particle removal is expected. However, the pretreatment alternative was 
not successful in meeting the TOC requirements and fouled quickly. 
Results from the bench-scale experiments demonstrated that two pretreatment 
alternatives meet both the turbidity goal and the total organic carbon goal: the current technology 
of two cartridge filters in series, and the media filter in series with the 25 μm cartridge filter. This 
latter option was selected as the pretreatment system as the media filter can be cleaned, thus 
alleviating issues with non-reusable cartridges. 
4.3 RO PRETREATMENT PROTOTYPE   
 From the results obtained in the previous section, the final prototype design of the 
pretreatment system consisted of coagulant addition, pH adjustment, dual media filtration, and 
cartridge filtration as shown in Figure 13. For coagulation, the raw ocean water was dosed with 
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50 mg/L of aluminum sulfate and HCl was added to lower the pH within the optimal range of 6 -  
6.5. The dual-media filter is 4 inches in diameter with a surface area of 12.6 square inches. The 
filter has ten inches of size 50 grain sand and two inches of granular activated carbon (GAC). 
The cartridge filter has a 25 µm pore size. 
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FIGURE 13: SCHEMATIC OF PROTOTYPE RO PRETREATMENT SYSTEM 
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The prototype was evaluated for two filter run cycles. During this experiment, a pump 
was connected to the media filter and set to operate at the standard flow rate typically used for 
gravity filters, which is 10 mL/sec (1.83 gpm/ft
2
) (Multi-Media Water Filters, 2010). The 
effluent was tested in regular intervals to determine if/when the filter would need to be 
backwashed. Backwash was initiated when the turbidity was greater than 2 NTU and/or the flow 
rate was less than 7 mL/sec (1.26 gpm/ft
2
). Once the turbidity reaches 2 NTU the effluent water 
from the media filter will have too high of a turbidity and it will cause the cartridge filter to 
begin to foul too quickly, resulting in replacement sooner. The flow rate indicated an increase in 
head loss, which reduces production capacity. Based on these criteria, the first run cycle 
processed 6 gallons of raw water in 50 minutes and the second processed 9 gallons in 60 
minutes. Full data from these runs is provided in Appendix C. 
 Table 16 summarizes the effluent turbidity and flow rate from the media filter. The first 
filter run cycle had a turbidity under 1 NTU for the entire run. After 50 minutes, the flow rate 
had dropped to 6.8 mL/sec, and the filter was backwashed. In the second filter run cycle, the 
flow rate was relatively steady but the turbidity was higher than the first period. Once the 
turbidity reached 2 NTU, the filter was backwashed. For the first run cycle, the turbidity after the 
cartridge filter at the end of the cycle was below 1 NTU. For the second run cycle, the turbidity 
was 1.63 NTU at the conclusion of the filter run. The filtered water was then processed through 
the 25 micron cartridge filter. As shown in Appendix C typical turbidities after the cartridge filter 
were less than 1 NTU. 
TABLE 16: PROTOTYPE MEDIA FILTER RUN CYCLE RESULTS 
Time 
Elapsed (min) 
First Run Second Run 
Effluent 
Turbidity (NTU) 
Flow Rate 
(mL/sec) 
Effluent 
Turbidity (NTU) 
Flow Rate 
(mL/sec) 
0 0.63 9.6 1.61 9.5 
30 0.72 7.2 1.81 10 
50 1.06 6.8   
60   2.02 7.2 
 
In addition to testing the turbidity, the concentration of sodium, potassium, calcium, and 
magnesium were also determined. The results of this testing can be found in Appendix D. 
Concentrations of the cations were not significantly affected by treatment through the prototype 
system. 
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 Results from the prototype testing demonstrated that this pretreatment system 
consistently met the target levels of less than 1 NTU turbidity and less than 3 mg/L TOC
2
 when 
treating 15 gallons of sea water. The media filtration component of the system has the ability to 
be backwashed, which is an advantage compared to the current US Navy system, which requires 
replacement  of cartridge filters once they are fouled. Therefore, the media filter decreases 
material requirements as well as maintenance and storage costs. The primary purpose of this 
filter is to reduce particle concentration. Following the media filter, the water passes through the 
25 µm cartridge filter, which removes organics to below 3 mg/L. Because the cartridge filter is 
filtering water that has previously passed through media filtration, the cartridge will require less 
frequent replacement when compared to the current technology, thereby reducing costs and 
maintenance.  
4.4 RO PRETREATMENT FULL-SCALE DESIGN 
 The full-scale pretreatment system was designed to produce 30,000 gallons of pretreated 
seawater per day. The system was scaled up from the prototype, and therefore consists of in-line 
coagulation with aluminum sulfate and pH adjustment, followed by a dual-media gravity filter 
and a cartridge filter. A summary of the pretreatment system is shown in Table 17. The media 
filter is sized to process 32,000 gal/day to account for backwash water needs, as described in 
Section 4.4.1. 
 
TABLE 17: SUMMARY OF FULL-SCALE PRETREATMENT SYSTEM 
Unit 
No. of 
units 
Flow rate 
(MGD) 
Dimensions 
(ft) 
Potential 
Material 
Design 
considerations 
Media 
Filter 
2 0.032 
Length – 4 
Width – 3 
Height – 6.8 
Fiberglass; 
Coated steel 
Aluminum sulfate 
& hydrochloric acid 
addition/storage 
Cartridge 
Filter 
2 0.03
 
20 micron 
GAC-
impregnated 
None 
 
4.4.1 DUAL-MEDIA FILTER DESIGN 
 Raw seawater entering the ship’s intake is first pH adjusted using hydrochloric acid 
(HCl) to a value of about 6.5 and is then dosed with 50 mg/L aluminum sulfate via a chemical 
injection system. While it travels through piping, in-line mixers are utilized to ensure proper 
                                                 
2
 These results were demonstrated in testing of alternatives as shown in Section 4.2.4. 
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distribution of the chemicals. This water is then dispersed into the gravity media filter tank and is 
processed. Backwash capabilities are supplied from a pump, which is controlled through a 
Supervisory Control and Data Acquisition (SCADA) system as described in Section 4.4.3.  
 The backwash rate required was calculated using Equations 3-5. 
                                                                                               (Equation 3) 
                                                        (Equation 4) 
                                                                                                     (Equation 5) 
Where Remf = Reynolds number, dimensionless 
Ga = Galileo number, dimensionless 
deq = grain diameter of a sphere of equal volume, m 
Vmf  = minimum fluidizing velocity, m/s 
µ = absolute viscosity of water, kg/m·s 
ρs = mass density of sand, kg/m
3 
ρ = mass density of water, kg/m3 
 
 Using a 30% factor of safety, the backwash rate (Vmf) was determined to be 1.52 gpm/ft
2
, 
(see Appendix G). 
 A preliminary footprint of the media filter was calculated using the flow rate measured 
for the prototype model (1.83 gpm/ft
2
) as well as the desired flow rate (2 gpm/ft
2
) for the full-
scale design. Equation 6 was used to determine the required surface area of the media filter. A 
preliminary full-scale flow rate of 30,000 gpd was used; however, the final flow must account 
for backwashing needs. 
                                                   (Equation 6) 
  Where Qp, Qf = prototype and full-scale flow rate (gpd), respectively 
   Ap, Af = prototype and full-scale area (ft
2
), respectively 
 
 Solving Equation 6 for Af, the area of the media filter was determined to be 11.5 ft
2
. This 
value was rounded up to 12 ft
2
 to account for backwash water production and checked later once 
backwash volumes were calculated. 
 The depth of the media was established as 3.75 feet based on size limitations, as most 
Navy ships have a height limit of 7 feet (Office of Naval Research, 2009). The media depths 
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were scaled from the prototype, resulting in a filter bed with 0.63 feet of GAC and 3.13 feet of 
sand. Prototype testing results showed that backwashing of a 1 foot media bed was required 
every 1 hour. Backwashing of the 3.75 foot full-scale filter would therefore need to occur 
approximately every 3.75 hours (6.4 backwashes/day) given reasonably consistent feed water 
characteristics. Table 18 gives the full scale media filter design. 
 
TABLE 18: FULL-SCALE MEDIA FILTER DESIGN 
Design Parameter Value 
Total Flow (MGD) 0.032 
Loading Rate (gpm/ft
2
) 2 
Number of Tanks 2 
Tank Dimensions (ft) 
           Length 
           Width 
           Height 
 
4 
3 
6.8 
Height of Filter Components (ft) 
           Free Water Height 
           GAC Bed Thickness 
           Sand Bed Thickness 
           Gravel Bed Thickness 
           Underdrain Height 
 
1.88 
0.63 
3.13 
0.31 
0.63 
 
 The backwash volume was then calculated using the backwash rate, area of the media 
filter, and a standard water treatment plant backwash time of 15 minutes. It was determined that 
274 gallons would be required for each backwash. This was multiplied by the number of 
backwashes per day to give a volume of approximately 1,754 gallons per day necessary for 
backwashing purposes. This was rounded to 2,000 gallons for tank sizing. Wastewater from the 
backwash cycle is discharged into the ocean. Once the ship is 12 miles beyond a shoreline, there 
are no regulations on discharging this kind of wastewater (Bolt, 2007). Discharging the 
backwash water closer to shore is restricted because of the aluminum sulfate in accordance with 
the Clean Water Act (EPA, 1977). 
  Backwash water consists of treated effluent from the media filter system withdrawn from 
a storage tank on board. The storage tank should hold at least 2,000 gallons, the volume of water 
required for backwashing each day. Therefore, the tank is 5 feet high, 10 feet in length, and 6 
feet in width, for an overall volume of 300 ft
3
 (~2,200 gallons). The storage tank should be 
refilled once a day during periods of low demand, which will most likely be at night. There is a 
standby media filter of identical design on board to account for the cleaning period. 
 Lastly, the filter sizing was verified based on a 32,000 gpd flow rate (30,000 gpd 
produced of potable water and 2,000 gpd of backwash water). Using this total flow and a 12 ft
2
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filter area, the loading rate is 1.85 gpm/ft
2
. This value was desired to be 2, and it was concluded 
that the loading rate was sufficient for the design. 
4.4.2 CARTRIDGE FILTER DESIGN 
 Following media filtration, the water passes through a 20 µm cartridge filter containing 
activated carbon. There is a standby cartridge filter for use when replacement or service of the 
primary filter is necessary. The filter is identical in type to the 20 µm cartridge filters currently 
used in pretreatment, so this portion of the pretreatment system can use existing housings and 
other equipment. 
4.4.3 PROCESS MONITORING 
 All process monitoring is done by SCADA system, which calculates proper chemical 
dosing to account for variability of the feed water characteristics. pH is monitored at the inlet of 
the system, as well as after alum and HCl addition. Turbidity is monitored prior to the cartridge 
filter, ensuring it does not exceed 2 NTU. Limits on the parameters are set through the SCADA 
system and the seawater influent will be redirected to the standby media filter when the 2 NTU 
limit is reached, with flow being stopped to the initial unit until it is backwashed. The same 
precautions apply to the effluent of the cartridge filter for levels of turbidity that exceed 1 NTU. 
Water will automatically be directed to the standby cartridge and the operator will be notified 
that the filter requires replacement. In addition to these turbidity limits, if headloss becomes an 
issue through either process, the same chain of events will follow. 
4.4.4 OVERALL RO PRETREATMENT DESIGN 
 A schematic of the full-scale pretreatment process is shown in Figure 14. This 
pretreatment system efficiently and reliably produces water that meets the goals set earlier for 
feed water to an RO membrane. These goals are turbidity levels of less than 1 NTU, and total 
organic carbon levels of less than 3 mg/L. 
47 
 
 
FIGURE 14: SCHEMATIC OF FULL-SCALE RO PRETREATMENT SYSTEM 
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 In addition to treatment effectiveness, the pretreatment system was evaluated based on 
cost, energy requirements, footprint, and waste generation. A comparison of the system to the 
current US Navy treatment is provided in Table 19. 
TABLE 19: COMPARISON OF CURRENT TWO CARTRIDGE SYSTEM VERSUS PRETREATMENT 
Parameter Current Cartridge Filter 
System 
Improved Media/Cartridge System 
Footprint 
Tmt. System 
Storage 
 
340 ft
2 
1000 ft
3
 
 
830 ft
2
 
92.5 ft
3
 
Energy 3.57 kWh/m
3
* 3.57 kWh/m
3
* 
Maintenance  Replacement of cartridge 
every 4 days taking 4 hours 
 Replacement of cartridge every 45 days 
 Automatic backwashing approx. every 
3.75 hours for period of 15 minutes 
Cost/year $22,500 $3670 
*Priel & Glueckstern, n.d. 
 The footprint of the cartridge system was estimated by approximating the square footage 
of each component and then laying these out into a logical arrangement that represents what is in 
use on vessels currently. Calculated tank sizes and some of these same values were then utilized 
to determine the footprint of the system. The footprint of the newly designed pretreatment design 
is 2.4 times larger than the current system, which meets the US Navy requirement that the new 
system be no larger than three times the current system. The volume of stored items is reduced 
by over 90% with the system. Energy usage for both systems was assumed to be identical, 
assuming that both utilize an equivalent number of pumps and components.  
 Maintenance time for the system is reduced. In the current US Navy system, the cartridge 
filter processes raw ocean water with a turbidity of approximately 30 NTU, and clogs after 4 
days. The media filter reduces the turbidity to around 2 NTU, 15 times lower. Thus, the cartridge 
filter replacement time would be increased by a factor of 15 to a replacement time of 60 days. 
Including a factor of safety, the replacement time is estimated at 45 days. The only maintenance 
required for the media filter is backwashing, which is performed automatically. There is some 
maintenance involved with the chemicals (HCl and alum). The chemicals will need to be 
monitored to ensure that the supply in the dosing system does not run out. 
 Capital costs and operating and maintenance costs for the pretreatment system were 
estimated by a team of students at WPI working on a project parallel to this project that 
examined marketability of the system (Mendelbaum and McMillen, 2010). The capital cost 
totaled $18,280, and a breakdown of what comprised this value can be found in Table 20. The 
operating and maintenance costs were determined based on the lifespan of the consumable 
materials (chemicals, cartridges and GAC) and the person hours required for proper system 
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operation. Annual operating and maintenance costs were $3,670, a significant savings from the 
current operation and maintenance costs of $22,500.  
TABLE 20: CAPITAL COST BREAKDOWN 
Item  Cost 
Pipes w/fitting and valves  $7,150 
Pumps  $800 
In-line Turbidimeter  $2,500 
Chemical Feed System $1,400 
Cartridge Filter  $370 
Tank $5,000 
Sand  $200 
GAC  $480 
Alum  $380 
Transportation $1,910 
Total  $18,280 
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APPENDIX A: TURBIDITY AND TOTAL ORGANIC CARBON 
RESULTS 
The following table displays various ratios of No. 50 sand, GAC, and anthracite that were 
tested at the bench scale model. These additional results helped to determine the final bench 
scale model.  
TABLE 21: TURBIDITY AND TOC RESULTS 
Media 
 
 
Turbidity (NTU) 
Total Organic Carbon 
(mg/L) 
Flow (mL/sec) 
Raw 
Water 
Initial 
Effluent 
Final 
Effluent 
% 
Removal 
Initial Final 
 
% 
Decrease 
Initial Final 
% 
Decrease 
5:1 No. 50 
sand:GAC 
(12 in) 
14.4 4.02 6.21 56.9 28.5 10.3 
 
63.9 
19.5 19.5 0 
5:1 No. 50 
sand:GAC 
(18 in) 
16.4 1.94 4.56 72.2 28.5 5.3 81.4 22.9 11.9 48.0 
50:50 
No. 50 
sand:GAC 
30.9 3.32 11.7 62.1 28.5 10.2 64.2 16.3 14.6 10.4 
5:1 
Anthracite:
sand 
29.2 5.36 7.93 72.8 28.5 16.4 42.5 17.6 17.6 0 
5:1 
Anthracite:
No 50 sand 
w/ 50 
mg/L 
Alum 
29.2 5.22 4.34 85.1 27.3 15.2 44.2 16.3 16.0 1.8 
No. 50 
sand w/ 50 
mg/L 
Alum 
15.2 2.35 0.481 96.8 27.3 9.4 65.6 14.2 13 8.5 
5:1 No. 50 
sand:GAC 
75 mg/L 
Aum and 
pH 
adjustment 
21.6 0.81 0.963 95.5 28.7 10.9 62 17 10 41.2% 
12” No. 50 
sand w/ 50 
mg/L 
Alum to 
12: GAC 
16.3 1.03 0.94 20.5 28.7 5.7 80.1 20.5 20.5 0 
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APPENDIX B: PARTICLE COUNTER 
The following results display particle counts for raw ocean water various pretreatment 
alternative setups. The particle counter was used to determine which size particles each 
pretreatment setup was able to remove. However, turbidity and total organic carbon removal 
were used as the primary evaluation criteria. 
TABLE 22: RAW WATER 1 PARTICLE COUNTER 
 
2-3 µm 3-4 µm 4-5 µm 5-6 µm 6-7 µm 7-8 µm 8-9 µm 9-10 µm 
Sample 1 
139.83 128.58 274.75 164.16 182.33 697.20 126.75 405.75 
142.72 130.32 263.76 157.76 177.60 663.20 128.96 390.24 
Average: 141.28 129.45 269.26 160.96 179.97 680.20 127.86 398.00 
Sample 2 
152.00 144.41 283.16 168.58 202.25 718.90 130.75 413.75 
138.53 127.69 246.53 144.92 175.23 642.53 118.53 368.92 
Average: 145.27 136.05 264.85 156.75 188.74 680.72 124.64 391.34 
         
 
10-20 
µm 
20-30 
µm 
30-40 
µm 
40-50 
µm 
50-75 
µm 
75-100 
µm 
100-200 
µm 
2-200 
µm 
Sample 1 
2276.30 723.60 258.58 117.41 97.58 29.50 0.00 2119.35 
2218.10 664.00 246.24 102.00 83.68 25.60 0.00 2054.56 
Average: 2247.20 693.80 252.41 109.71 90.63 27.55 0.00 2086.96 
Sample 2 
2306.60 688.60 245.00 99.83 83.58 24.25 0.00 2213.80 
2098.00 642.15 235.38 101.69 86.15 31.69 0.00 1962.88 
Average: 2202.30 665.38 240.19 100.76 84.87 27.97 0.00 2088.34 
 
TABLE 23: RAW WATER 2 PARTICLE COUNTER 
 
2-3 µm 3-4 µm 4-5 µm 5-6 µm 6-7 µm 7-8 µm 8-9 µm 9-10 µm 
Sample 1 
115.12 103.92 209.52 127.04 151.12 586.00 113.04 365.76 
105.07 99.53 199.38 126.15 152.46 562.69 109.15 362.23 
Average: 110.10 101.73 204.45 126.60 151.79 574.35 111.10 364.00 
55 
 
Sample 2 
118.72 107.76 220.32 136.00 136.00 599.20 116.64 372.96 
125.12 113.68 229.68 132.56 132.56 607.04 122.24 381.12 
Average: 121.92 110.72 225.00 134.28 134.28 603.12 119.44 377.04 
         
 
10-20 
µm 
20-30 
µm 
30-40 
µm 
40-50 
µm 
50-75 
µm 
75-100 
µm 
100-200 
µm 
2-200 
µm 
Sample 1 
2169.00 744.40 306.72 145.92 142.08 62.08 0.00 5341.72 
2077.00 715.90 288.23 135.69 134.69 58.38 0.00 5126.55 
Average: 2123.00 730.15 297.48 140.81 138.39 60.23 0.00 5234.14 
Sample 2 
2141.60 735.10 288.16 140.48 126.48 57.68 0.00 5297.10 
2140.00 723.20 275.28 135.92 126.56 49.84 0.00 5294.80 
Average: 2140.80 729.15 281.72 138.20 126.52 53.76 0.00 5295.95 
  
TABLE 24: UF PARTICLE COUNTER 
 
2-3 
µm 
3-4 µm 4-5 µm 5-6 µm 6-7 µm 7-8 µm 8-9 µm 
9-10 
µm 
Sample 1 
84.84 44.52 49.56 18.88 13.72 21.04 2.56 6.28 
88.08 45.55 51.22 17.42 13.55 20.57 1.75 5.26 
Average: 86.46 45.04 50.39 18.15 13.64 20.81 2.16 5.77 
Sample 2 
87.00 46.76 51.64 16.28 13.92 21.16 2.08 5.04 
87.87 45.55 50.12 18.16 14.44 24.36 1.67 4.85 
Average: 87.44 46.16 50.88 17.22 14.18 22.76 1.88 4.95 
Sample 3 
89.02 46.00 51.26 18.97 15.02 20.36 1.95 5.06 
91.10 48.24 50.40 17.34 13.22 22.85 2.32 5.22 
Average: 90.06 47.12 50.83 18.16 14.12 21.61 2.14 5.14 
         
 
10-20 
µm 
20-30 
µm 
30-40 
µm 
40-50 
µm 
50-75 
µm 
75-100 
µm 
100-200 
µm 
2-200 
µm 
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Sample 1 
14.64 0.16 0.04 0.00 0.00 0.00 0.00 241.40 
14.12 0.28 0.00 0.00 0.00 0.00 0.00 243.40 
Average: 14.38 0.22 0.02 0.00 0.00 0.00 0.00 242.40 
Sample 2 12.60 0.20 0.00 0.08 0.00 0.00 0.00 243.88 
 
11.75 0.28 0.00 0.00 0.00 0.00 0.00 247.02 
Average: 12.18 0.24 0.00 0.04 0.00 0.00 0.00 245.45 
Sample 3 13.59 0.12 0.00 0.08 0.00 0.00 0.00 247.64 
 
14.08 0.48 0.00 0.04 0.04 0.00 0.00 250.69 
Average: 13.84 0.30 0.00 0.06 0.02 0.00 0.00 249.17 
 
TABLE 25: 25 MICRON CARTRIDGE FILTER INITIALLY T=0 
 
2-3 µm 3-4 µm 4-5 µm 5-6 µm 6-7 µm 7-8 µm 8-9 µm 
9-10 
µm 
Sample 1 
3351.60 2158.70 1179.10 159.05 78.73 92.10 8.10 23.36 
3351.60 2158.70 1179.10 159.05 78.73 92.10 8.10 23.36 
Average: 3351.60 2158.70 1179.10 159.05 78.73 92.10 8.10 23.36 
Sample 2 
3424.80 2162.70 1194.70 155.68 76.94 92.31 7.36 21.36 
3381.60 2201.00 1184.80 160.94 72.42 87.15 8.42 24.52 
Average: 3403.20 2181.85 1189.75 158.31 74.68 89.73 7.89 22.94 
Sample 3 
3220.10 2045.40 1127.00 137.90 74.40 79.20 7.70 19.70 
3422.40 2174.40 1183.50 148.42 71.89 85.36 7.26 20.52 
Average: 3321.25 2109.90 1155.25 143.16 73.15 82.28 7.48 20.11 
         
 
10-20 
µm 
20-30 
µm 
30-40 
µm 
40-50 
µm 
50-75 
µm 
75-100 
µm 
100-200 
µm 
2-200 
µm 
Sample 1 
78.94 21.36 9.78 5.15 4.10 1.47 0.00 7171.54 
78.94 21.36 9.78 5.15 4.10 1.47 0.00 7171.54 
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Average: 78.94 21.36 9.78 5.15 4.10 1.47 0.00 7171.54 
Sample 2 78.94 18.10 9.26 3.78 3.57 1.05 0.00 7250.55 
 
79.78 17.26 8.42 4.00 3.26 1.05 0.00 7234.62 
Average: 79.36 17.68 8.84 3.89 3.42 1.05 0.00 7242.59 
Sample 3 65.30 14.80 6.30 2.90 2.90 1.00 0.00 6804.60 
 
56.94 14.42 6.73 2.42 2.84 1.05 0.00 7198.15 
Average: 61.12 14.61 6.52 2.66 2.87 1.03 0.00 7001.38 
 
TABLE 26:  25 MICRON CARTRIDGE FILTER AFTER 5 GALLONS 
 
2-3 µm 3-4 µm 4-5 µm 5-6 µm 6-7 µm 7-8 µm 8-9 µm 9-10 µm 
Sample 1 
3143.70 578.83 219.16 33.50 21.58 30.16 2.16 8.33 
2969.20 559.52 202.72 31.92 19.52 30.56 2.24 5.92 
Average: 3056.45 569.18 210.94 32.71 20.55 30.36 2.20 7.13 
Sample 2 
3096.80 587.75 220.41 32.75 20.41 27.58 1.83 6.66 
2841.30 538.07 195.23 32.23 20.15 26.61 2.69 6.07 
Average: 2969.05 562.91 207.82 32.49 20.28 27.10 2.26 6.37 
Sample 3 
3276.70 608.17 221.13 33.13 22.43 29.56 2.34 6.08 
2988.90 545.76 200.00 32.08 19.68 27.60 2.16 2.72 
Average: 3132.80 576.97 210.57 32.61 21.06 28.58 2.25 4.40 
         
 
10-20 
µm 
20-30 
µm 
30-40 
µm 
40-50 
µm 
50-75 
µm 
75-100 
µm 
100-200 
µm 
2-200 
µm 
Sample 1 
19.25 0.58 0.16 0.08 0.08 0.00 0.00 4057.57 
18.32 0.56 0.08 0.08 0.00 0.00 0.00 3840.64 
Average: 18.79 0.57 0.12 0.08 0.04 0.00 0.00 3949.11 
Sample 2 18.16 0.50 0.00 0.00 0.00 0.00 0.00 4012.85 
 
17.23 0.38 0.00 0.00 0.00 0.00 0.00 3679.96 
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Average: 17.70 0.44 0.00 0.00 0.00 0.00 0.00 3846.41 
Sample 3 13.91 0.52 0.00 0.00 0.00 0.00 0.00 4213.97 
 
15.12 0.64 0.40 0.32 0.56 0.32 0.00 3836.26 
Average: 14.52 0.58 0.20 0.16 0.28 0.16 0.00 4025.12 
 
TABLE 27: 25 MICRON CARTRIDGE FILTER AFTER 10 GALLONS 
 
2-3 µm 3-4 µm 4-5 µm 5-6 µm 6-7 µm 7-8 µm 8-9 µm 
9-10 
µm 
Sample 1 
3026.60 1638.40 1151.60 266.73 192.10 285.78 25.47 78.84 
3036.60 1637.10 1155.20 275.47 193.68 282.10 27.36 81.57 
Average: 3031.60 1637.75 1153.40 271.10 192.89 283.94 26.42 80.21 
Sample 2 
2762.30 1495.60 1039.80 246.47 170.95 252.28 26.19 67.04 
2902.90 1584.30 1087.10 253.80 178.50 278.60 24.90 75.40 
Average: 2832.60 1539.95 1063.45 250.14 174.73 265.44 25.55 71.22 
Sample 3 
2801.40 1488.20 1051.20 246.00 167.80 244.95 24.95 63.80 
2933.10 1599.80 1099.60 255.10 176.20 262.50 25.20 64.60 
Average: 2867.25 1544.00 1075.40 250.55 172.00 253.73 25.08 64.20 
         
 
10-20 
µm 
20-30 
µm 
30-40 
µm 
40-50 
µm 
50-75 
µm 
75-100 
µm 
100-200 
µm 
2-200 
µm 
Sample 1 
289.47 6.21 0.00 0.10 0.00 0.00 0.00 6961.30 
273.78 7.68 0.10 0.21 0.21 0.00 0.00 6971.06 
Average: 281.63 6.95 0.05 0.16 0.11 0.00 0.00 6966.18 
Sample 2 241.61 6.19 0.28 0.09 0.00 0.00 0.00 6308.80 
 
250.20 8.00 0.30 0.00 0.00 0.00 0.00 6644.00 
Average: 245.91 7.10 0.29 0.05 0.00 0.00 0.00 6476.40 
Sample 3 222.57 4.66 0.09 0.00 0.00 0.00 0.00 6315.62 
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223.20 5.20 0.00 0.00 0.00 0.00 0.00 6644.50 
Average: 222.89 4.93 0.05 0.00 0.00 0.00 0.00 6480.06 
 
TABLE 28: 25 AND 5 MICRON CARTRIDGE FILTER INITIALLY T=0 
 
2-3 µm 3-4 µm 4-5 µm 5-6 µm 6-7 µm 7-8 µm 8-9 µm 
9-10 
µm 
Sample 1 
1429.80 849.60 964.10 337.15 289.76 511.92 52.23 141.38 
1494.60 896.00 1025.60 355.12 303.04 519.60 58.64 147.12 
Average: 1462.20 872.80 994.85 346.14 296.40 515.76 55.44 144.25 
Sample 2 
1563.50 958.30 1048.00 371.41 312.16 533.83 52.75 153.91 
1459.70 854.30 965.00 338.07 276.00 489.53 49.92 138.69 
Average: 1511.60 906.30 1006.50 354.74 294.08 511.68 51.34 146.30 
Sample 3 
1675.90 1001.80 1093.10 382.08 305.04 548.34 57.65 151.73 
1583.20 906.70 1003.20 339.12 284.32 489.36 47.92 137.28 
Average: 1629.55 954.25 1048.15 360.60 294.68 518.85 52.79 144.51 
         
 
10-20 
µm 
20-30 
µm 
30-40 
µm 
40-50 
µm 
50-75 
µm 
75-100 
µm 
100-200 
µm 
2-200 
µm 
Sample 1 
347.84 7.23 0.76 0.15 0.00 0.00 0.00 4931.92 
347.28 8.32 0.32 0.32 0.00 0.00 0.00 5155.96 
Average: 347.56 7.78 0.54 0.24 0.00 0.00 0.00 5043.94 
Sample 2 341.41 6.50 0.50 0.00 0.08 0.00 0.00 5342.35 
 
305.84 5.15 0.61 0.15 0.00 0.00 0.00 4882.96 
Average: 323.63 5.83 0.56 0.08 0.04 0.00 0.00 5112.66 
Sample 3 327.21 5.30 0.17 0.00 0.00 0.00 0.00 5548.32 
 
285.84 4.56 0.16 0.08 0.00 0.00 0.00 5081.74 
Average: 306.53 4.93 0.17 0.04 0.00 0.00 0.00 5315.03 
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TABLE 29: 25 AND 5 MICRON CARTRIDGE FILTER AFTER 5 GALLONS 
 
2-3 
µm 
3-4 µm 4-5 µm 5-6 µm 6-7 µm 7-8 µm 8-9 µm 
9-10 
µm 
Sample 1 
480.08 57.48 32.93 10.55 6.38 11.10 1.23 3.10 
490.63 56.12 31.27 9.48 7.74 11.70 1.27 2.38 
Average: 485.36 56.80 32.10 10.02 7.06 11.40 1.25 2.74 
Sample 2 
473.33 57.58 31.62 8.50 6.16 10.16 0.66 2.16 
487.74 57.02 28.51 8.29 6.93 10.63 0.89 2.21 
Average: 480.54 57.30 30.07 8.40 6.55 10.40 0.78 2.19 
Sample 3 
495.78 59.02 36.51 9.74 8.21 13.31 1.02 2.55 
485.95 56.68 33.48 11.53 7.53 12.29 1.10 2.12 
Average: 490.87 57.85 35.00 10.64 7.87 12.80 1.06 2.34 
         
 
10-20 
µm 
20-30 
µm 
30-40 
µm 
40-50 
µm 
50-75 
µm 
75-100 
µm 
100-200 
µm 
2-200 
µm 
Sample 1 
9.40 0.17 0.00 0.00 0.00 0.00 0.00 612.42 
7.14 0.21 0.00 0.00 0.00 0.00 0.00 617.94 
Average: 8.27 0.19 0.00 0.00 0.00 0.00 0.00 615.18 
Sample 2 4.87 0.16 0.04 0.00 0.04 0.00 0.00 595.28 
 
4.93 0.08 0.00 0.00 0.00 0.00 0.00 607.23 
Average: 4.90 0.12 0.02 0.00 0.02 0.00 0.00 601.26 
Sample 3 5.82 0.00 0.00 0.00 0.00 0.04 0.00 632.00 
 
5.61 0.12 0.12 0.04 0.00 0.00 0.00 616.57 
Average: 5.72 0.06 0.06 0.02 0.00 0.02 0.00 624.29 
 
TABLE 30: 25 AND 5 MICRON CARTRIDGE FILTER AFTER 10 GALLONS 
 
2-3 µm 3-4 µm 
4-5 
µm 
5-6 µm 6-7 µm 7-8 µm 8-9 µm 
9-10 
µm 
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Sample 1 
1379.70 381.82 273.52 68.35 46.35 69.23 5.58 12.35 
1428.60 391.57 273.39 66.12 47.33 70.84 6.48 15.45 
Average: 1404.15 386.70 273.46 67.24 46.84 70.04 6.03 13.90 
Sample 2 
1424.10 398.00 275.03 65.45 52.48 66.90 5.45 10.78 
1364.90 369.58 258.47 64.94 44.41 62.17 5.17 10.29 
Average: 1394.50 383.79 266.75 65.20 48.45 64.54 5.31 10.54 
Sample 3 
1407.30 380.78 271.63 67.33 47.03 67.21 3.81 12.66 
1416.40 383.75 272.12 69.69 45.81 68.84 4.72 11.45 
Average: 1411.85 382.27 271.88 68.51 46.42 68.03 4.27 12.06 
         
 
10-20 
µm 
20-30 
µm 
30-40 
µm 
40-50 
µm 
50-75 
µm 
75-100 
µm 
100-200 
µm 
2-200 
µm 
Sample 1 
38.52 0.94 0.11 0.11 0.05 0.00 0.00 2276.63 
36.72 1.09 0.06 0.00 0.06 0.00 0.00 2337.71 
Average: 37.62 1.02 0.09 0.06 0.06 0.00 0.00 2307.17 
Sample 2 35.75 0.90 0.00 0.00 0.00 0.00 0.00 2334.84 
 
31.58 1.00 0.05 0.05 0.00 0.00 0.00 2212.61 
Average: 33.67 0.95 0.03 0.03 0.00 0.00 0.00 2273.73 
Sample 3 30.00 0.66 0.06 0.06 0.00 0.12 0.00 2288.65 
 
34.72 1.27 0.06 0.06 0.12 0.06 0.00 2309.07 
Average: 32.36 0.97 0.06 0.06 0.06 0.09 0.00 2298.86 
 
TABLE 31: 25 AND 5 MICRON CARTRIDGE FILTER FOLLOWED BY UF INITIALLY T=0 
 
2-3 µm 3-4 µm 4-5 µm 5-6 µm 6-7 µm 7-8 µm 8-9 µm 
9-10 
µm 
Sample 1 
237.83 130.12 155.04 64.54 45.66 51.91 4.58 10.12 
249.31 127.14 159.82 66.38 45.87 51.70 4.97 10.97 
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Average: 243.57 128.63 157.43 65.46 45.77 51.81 4.78 10.55 
Sample 2 
246.25 124.45 160.41 65.37 45.37 47.25 3.33 8.12 
256.25 131.23 157.61 67.23 48.04 49.53 3.14 8.08 
Average: 251.25 127.84 159.01 66.30 46.71 48.39 3.24 8.10 
         
 
10-20 
µm 
20-30 
µm 
30-40 
µm 
40-50 
µm 
50-75 
µm 
75-100 
µm 
100-200 
µm 
2-200 
µm 
Sample 1 
20.25 0.66 0.04 0.04 0.00 0.08 0.00 720.87 
18.76 0.55 0.08 0.00 0.04 0.00 0.00 735.59 
Average: 19.51 0.61 0.06 0.02 0.02 0.04 0.00 728.23 
Sample 2 
15.00 0.29 0.04 0.00 0.00 0.00 0.00 715.88 
16.42 0.51 0.08 0.00 0.00 0.00 0.00 738.12 
Average: 15.71 0.40 0.06 0.00 0.00 0.00 0.00 727.00 
 
TABLE 32: 25 AND 5 MICRON CARTRIDGE FILTER FOLLOWED BY UF AFTER 5 GALLONS 
 
2-3 µm 3-4 µm 4-5 µm 5-6 µm 6-7 µm 7-8 µm 8-9 µm 
9-10 
µm 
Sample 
1 
275.36 142.29 176.72 74.12 47.14 42.97 3.10 6.63 
273.78 144.68 177.65 68.29 48.89 44.76 2.42 6.29 
Average: 274.57 143.49 177.19 71.21 48.02 43.87 2.76 6.46 
Sample 
2 
282.37 144.70 178.00 67.79 45.00 41.95 3.00 5.75 
285.61 145.61 173.06 71.31 46.59 41.91 2.59 5.70 
Average: 283.99 145.16 175.53 69.55 45.80 41.93 2.80 5.73 
         
 
10-20 
µm 
20-30 
µm 
30-40 
µm 
40-50 
µm 
50-75 
µm 
75-100 
µm 
100-200 
µm 
2-200 
µm 
Sample 
1 
11.91 0.17 0.00 0.04 0.00 0.00 0.00 1560.90 
9.95 0.25 0.04 0.04 0.00 0.00 0.00 1554.08 
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Average: 10.93 0.21 0.02 0.04 0.00 0.00 0.00 1557.49 
Sample 
2 
11.33 0.08 0.00 0.00 0.00 0.00 0.00 1559.94 
11.74 0.17 0.08 0.04 0.00 0.00 0.00 1568.82 
Average: 11.54 0.13 0.04 0.02 0.00 0.00 0.00 1564.38 
  
TABLE 33: 25 AND 5 MICRON CARTRIDGE FILTER FOLLOWED BY UF AFTER 10 GALLONS 
 
 
2-3 µm 3-4 µm 4-5 µm 5-6 µm 6-7 µm 7-8 µm 8-9 µm 
9-10 
µm 
Sample 1 
133.87 71.87 80.89 29.75 22.85 31.02 2.93 5.87 
137.10 71.06 79.67 30.73 21.30 33.14 2.20 4.89 
Average: 135.49 71.47 80.28 30.24 22.08 32.08 2.57 5.38 
Sample 2 
137.26 74.77 82.00 30.93 25.18 30.97 2.48 6.08 
135.30 66.00 84.32 29.87 23.14 32.85 2.57 4.93 
Average: 136.28 70.39 83.16 30.40 24.16 31.91 2.53 5.51 
         
 
10-20 
µm 
20-30 
µm 
30-40 
µm 
40-50 
µm 
50-75 
µm 
75-100 
µm 
100-200 
µm 
2-200 
µm 
Sample 1 
10.44 0.04 0.00 0.00 0.00 0.00 0.00 389.53 
10.48 0.24 0.08 0.00 0.00 0.00 0.00 390.89 
Average: 10.46 0.14 0.04 0.00 0.00 0.00 0.00 390.21 
Sample 2 
12.44 0.24 0.00 0.00 0.00 0.00 0.00 402.35 
11.91 0.12 0.00 0.00 0.00 0.00 0.00 391.01 
Average: 12.18 0.18 0.00 0.00 0.00 0.00 0.00 396.68 
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APPENDIX C: 12 HOUR TESTING RESULTS 
The following table displays results for a 12 hour testing period of the prototype. These 
results were used to determine the frequency of backwashing. Backwashing was required after 
approximately one hour of operation of the prototype. This result was then used to determine the 
backwashing frequency of the full scale design.  
TABLE 34: 12 HOUR PROTOTYPE TEST 
Time  
Raw 
Water 
Turbidity 
Turbidity 
after 
Media 
Flow Rate 
after 
Media 
(mL/sec) 
Turbidity 
after 
Cartridge 
Flow 
Rate 
(200 
mL in _ 
sec) pH 
EC 
(uS/cm) 
NEW FILTER 
New Raw Water 
3:25 28.4 0.626 9.6 15.3/5.98 76 8.08 0.06 
3:30   0.475           
3:35   0.35           
3:50   0.468           
3:55   0.806   1.23 17 7.96 0.02 
4:00   0.716 7.2         
4:10   0.821           
4:15   1.06 6.8 0.623 16.5 7.92 0.04 
New Filter 
New Raw Water 
5:25   1.61 9.5 0.421 16.3 7.86 0.03 
5:28   1.68           
5:35   1.6           
5:42   1.91           
5:57   1.81 10 0.478 16.6 7.53 0.04 
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6:02   2.36           
6:07   3.33 10         
6:12   2.38   0.769 16.7 7.09 0.03 
6:17   2.5 9         
6:22   2.29           
6:25   2.02 7.2 1.63 16.2 7.34 0.02 
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APPENDIX D: CATION RESULTS 
Ion testing was conducting to determine if the addition of a coagulant caused a decrease 
in cations. The results display that the full prototype design did not have any effect on the 
removal of cations.  
TABLE 35: CATION TESTING 
  
Sodium 
Concentration 
(mg/L) 
Potassium 
Concentration 
(mg/L) 
Calcium 
Concentration 
(mg/L) 
Magnesium 
Concentration 
(mg/L) 
Raw Water 3 8100 363.1 298 922.5 
Raw Water 4 8069 355.4 293 948.1 
Initial Media t=0 4288 154.8 138 449.5 
Initial Media t=1 hr 8582 367.4 297 922.4 
New Media t-1 hr 8385 362.5 279 895.3 
New Media t=2 hr 8548 371.9 268 899.7 
 
  
67 
 
APPENDIX E: SUSPENDED AND DISSOLVED SOLIDS RESULTS 
Total suspended solids data and total dissolved solids data were collected for the 25 μm 
cartridge filter, the cartridge filters in series, and the cartridge filters in series followed by the 
UF. The cartridge filter removed the greatest amount of total suspended solids. The cartridge 
filters in series followed by the UF removed the greatest amount of dissolved solids, which is to 
be expected because of the small pore size of the UF. These results were not included in the 
analysis of pretreatment alternatives because criteria such as turbidity removal and total organic 
carbon removal were used as the primary pretreatment criteria. 
 
FIGURE 15: TOTAL SUSPENDED SOLIDS 
 
FIGURE 16: TOTAL DISSOLVED SOLIDS 
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APPENDIX F: TOC, DOC, UV 254 FOR WATER PROCESSED 
THROUGH 5:1 NO. 50 SAND: GAC 
The following results were used to determine the amount of organics in the raw water 
that were removed by the addition of coagulants. These results displayed the organics remaining 
in the sample were dissolved and therefore, coagulation would not be successful in removal of 
more organics. At this point alternative methods were tested for removal of dissolved organics.  
TABLE 36: TOC, DOC, AND UV 254 RESULTS 
 Raw Water 5:1 No. 50 sand: GAC 
TOC 27.3 8.4 
DOC 24.1 8.4 
UV 254 0.22 0.50 
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APPENDIX G: SAMPLE CALCULATIONS FOR FULL-SCALE RO 
PRETREATMENT PARAMETERS. 
Backwash water volume 
 
 
 
         
 
       
        
 
 
 
  
Media filter scaling 
 
 
 
 
